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ABSTRACT 
In many compact heat exchanger applications, interrupted-fin surfaces are used to enhance 
air-side heat transfer performance. One of the most common interrupted surfaces is the louvered fin. 
The goal of this work is to develop a better understanding of the flow and its influence on heat 
transfer and pressure drop behavior for both louvered and convex-louvered fins. Specifically, this 
research explores the unavoidable end effects of heat exchanger walls; the role of vortex shedding on 
heat transfer and pressure drop enhancement; and the effect of using convex louvers rather than 
conventional flat parallel fins. Flow visualization is performed using dye in a water tunnel, and 
pressure drop is measured in a wind tunnel. Heat transfer is inferred from mass transfer data 
obtained using the naphthalene sublimation technique. Mass transfer data are acquired on a row-by-
row basis through the louvered arrays over a Reynolds number range (based on louver pitch) of 75-
1400, and local mass transfer data on fins are acquired for the convex-louver geometry over a 
Reynolds number range (based on hydraulic diameter) of 200 to 5400. Compared to flow far from 
the walls where spanwise periodic conditions exist, flow near array walls is louver-directed to a 
lesser degree and is characterized by deviations in flow velocity, large separation and recirculation 
zones, and an earlier transition to unsteady flow. At low Reynolds numbers, heat transfer is lower 
for louvers near the walls than for louvers far from the walls due to the large separation zones. At 
higher Reynolds numbers unsteady flow causes increases in heat transfer for louvers near the walls. 
The walls cause a large pressure-drop increase at all Reynolds numbers. In the transitional Reynolds 
number ~ange, transverse vortices shed from fins far from array walls are smaller and result in much 
less mixing than vortices shed near array walls or in the similar offset-strip geometry. These small-
scale vortices have little effect on heat transfer. For the convex-louver geometry, the results clarify 
the effects of boundary-layer restarting, shear-layer unsteadiness, spanwise vortices, and separation, 
reattachment and recirculation on heat transfer. 
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NOMENCLATURE 
A = total surface area 
~ = minimum free-flow cross-sectional area 
Af = naphthalene surface area 
C = orifice plate discharge coefficient 
CA = concentration of A 
df = distance from the leading edge of a fin 
dh = hydraulic diameter (see Eq. 3.7) 
d t = transverse distance traveled by a flow particle (see Fig. 3.1) 
d t ' = transverse distance traveled if the flow were completely louver-directed (see Fig. 3.1) 
Dab = mass diffusion coefficient of A in B 
Dna = mass diffusion coefficient of naphthalene in air 
Eu = Euler number (see Eq. 3.6) 
f = Fanning friction factor (see Eq. 3.5) or function 
F = force 
Fn = fin depth (see Fig. 1.1) 
Fh = fin height (see Fig. 1.1) 
Fp = fin pitch (see Fig. 1.1) 
Gr = Grashof number 
h = heat transfer coefficient 
hm = local mass transfer coefficient (see Eq. 3.9) 
hm = average mass transfer coefficient (see Eq. 3.2) 
H = convex louver height (see Fig. 2.5b) 
J = Colburn j factor (see Eq. 3.4) 
k = thermal conductivity 
Lcore = length of heat exchanger core in the streamwise direction 
Lg = louver gap (see Fig. F.3) 
Ll = louverlength (see Fig. 1.1) 
xviii 
Lp = louver pitch (see Fig. 1.1) 
Lref = reference length 
m = mass of naphthalene 
m = mass flow rate (see Eq. B.6) 
mil 
= mass flow rate per unit area 
Mn = molecular weight of naphthalene 
n = exponent 
N = number of data points 
Nc = number of columns of fins in test section (see Fig. 2.5) 
NJ = number of louvers between the inlet and turnaround louvers 
Nwall = number of columns affected by the array walls 
Nu = local Nusselt number (see Eq. A.23) 
Nu = average Nusselt number (see Eq. A.24) 
P = pressure 
Pn = naphthalene vapor pressure 
Pr = Prandtl number 
q" = heat transfer rate per unit area 
Q = total heat transfer 
Ru = universal gas constant 
Re = Reynolds Number (see Eq. 3.1) 
Re* = . Re above which flow efficiency becomes independent of Re for given LplFp 
s = transverse fin spacing 
S 1 = length of inlet and exit louvers (see Fig. F.1) 
Sc = Schmidt number 
SCF = stem correction factor (see Eq. C.1) 
Sh = local Sherwood number based on louver pitch (see Eq. 3.10) 
Sh = average Sherwood number based on louver pitch (see Eq. 3.3) 
St = Stanton number, NulRePr 
xix 
ST = standard deviation of temperature readings 
t = fin thickness or time 
T = temperature 
u, v = velocity components 
U = overall heat transfer coefficient or velocity 
Uc = velocity at minimum free flow area 
W = uncertainty 
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CHAPTER 1 - INTRODUCTION 
1.1 Introduction 
In many compact heat exchanger applications, interrupted-fin surfaces are used to 
" 
enhance the air-side heat transfer performance. Interrupted surfaces restart the thermal 
boundary layers. Since the average boundary-layer thickness is smaller for short plates 
than for long plates, the average heat transfer coefficient is higher for an interrupted 
surface than for a continuous surface. Furthermore, above some critical Reynolds 
number, interrupted surfaces can cause vortex shedding which may enhance heat transfer. 
Contemporary interrupted-surface designs for compact heat exchangers usually take the 
form of offset-strip or louvered fins. Offset-strip fins are aligned with the main flow, but 
louvered fins have an angle of attack. Although offset-strip fins have been studied 
extensively, flow through louvered fins is not as well understood. Many louvered-fin 
designs are proprietary, and only recently has much work on such geometries been 
published in the open literature. Much of what has been published is focused on the 
development of correlations for heat transfer and pressure drop for moderate Reynolds 
numbers (Re<4000 for most correlations). Unfortunately, the geometrical complexity and 
multiple length scales important to flow through these highly interrupted surfaces 
obscures the physics behind the heat transfer and pressure drop characteristics. The goal 
of this work is to develop a better understanding of the flow in highly interrupted 
geo~etries and its influence on heat transfer and pressure drop behavior for both louvered 
and convex-louvered fins. Specifically, this research will explore the unavoidable end 
effects of heat exchanger walls; the role of vortex shedding on heat transfer enhancement 
and pressure drop penalty; and the effect of using convex rather than conventional flat 
parallel fins. 
1.2 Literature Review 
The literature review is divided into three sections. The first deals with traditional 
louvered fins, the second with vortex shedding within arrays of interrupted surfaces, and 
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the third with convex-louvered fins. Tables 1.1, 1.2, and 1.3 summarize the major 
contributions for papers in each of these areas as well as problems with their work and 
gaps which this work will fill. 
1.2.1 Louvered Fins 
In an early study, Davenport (l983a) presented Stanton number and friction factor 
data for eight full-scale louvered-fin exchangers. Using the basic geometry shown in Fig. 
1.1, two fin heights (7.8 and 12.7 mm) and a range of fin pitch to louver pitch ratios (1.0 
to 2.1) were studied in a wind tunnel providing energy balances generally within ±6%. 
Davenport found that the data were correlated better with ReLp than with Redh. In a 
second paper, Davenport (l983b) presented correlations of j and! data from 32 samples. 
These samples had fin heights of 7.8 and 12.7 mm. The ratio FplLp ranged from 0.9 to 
2.1, the louver angle ranged from 8.3 0 to 30.40 , and the louver length ranged from 5.0 to 
11.7 mm. He presented data over a Reynolds number range of 100 to 4000 for! and 400 
to 4000 for j. Finding dh to be of little value in data correlation, he based his correlations 
on R eLp, louver height, (0.5LpsinS) louver length, fin height, and louver pitch. His 
correlation for j predicts 95% of his data within ±6%, and his correlation for !predicts 
95% of his data within ±1O%. A comparison to offset-strip correlations indicates that 
offset-strip fins may result in similar heat transfer but a higher friction factor. Davenport 
noted a flattening of the j curve at low Reynolds numbers; j increases with a decrease in 
Reynolds number, but at very low Reynolds numbers, the rate of increase drops off, andj 
becomes approximately a constant. He did not present heat transfer data for low Reynolds 
numbers but merely reported the trend. He attributed this flattening to thick boundary 
layers which alter the air flow. Davenport was among the first to publish an in-depth 
study of louvered-fin heat exchangers. However, his work focuses on data collection and 
the development of correlations. The fluid dynamics and the actual physics reflected by 
the data he presents are not deeply investigated. 
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Tura (1986) examined the effects of louver angle, flow reversal length, and 
Reynolds number on louvered-fin heat exchanger performance. Over a Reynolds number 
range of 100<Redh<4000, he studied twelve arrays with three different louver angles 
(23.5°, 29.1 0, and 35.0°) and four different reversal lengths (0, 2, 4, and 6 mm). He 
employed laser anemometry, dye-streak flow visualization, and a transient heat transfer 
measurement technique based on phase-change paint. Several problems are inherent in 
his experimental set-up and method. First, the laser anemometry experiments and the heat 
transfer experiments at three of the five Reynolds numbers he studied were performed in 
a test section with only five columns of fins· . As discussed later, wall effects probably 
profoundly affected his results. Second, he failed to take into account the varying thermal 
boundary conditions inherent in transient-method heat transfer experiments. Butler and 
Baughn (1996) point out that if one takes constant temperature fins as the base case, the 
more the fin temperature profile deviates from the constant temperature condition, the 
more the heat transfer increases. This increase can be over 60% for laminar flow. Tura's 
heat transfer results over-estimated the Pohlhausen results by up to 18%, but since he was 
just performing comparisons, he said that this over-estimation was acceptable. However, 
because he did not address the boundary condition issue, it is difficult to determine the 
validity of these comparisons. 
Tura found the louver angle to have a significant effect on performance but the 
flow reversal length to be insignificant. He reported a flattening of the j curve below a 
Reynolds number of 500. The entry region had a large impact on performance. At high 
Reynolds numbers, he observed vortex shedding in the entrance region and after the 
reversal louver. The vortices were broken up by downstream louvers. He reported heat 
transfer from the first two to three louvers after the inlet and after the reversal louvers to 
be lower than from the following louvers. He inferred that heat transfer coefficients on 
the following louvers, where the flow was developed, would be approximately constant. 
• Columns are counted in the spanwise direction and rows in the streamwise direction. 
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At low Reynolds numbers the flow velocity between the first louvers was low, and the 
downstream louvers showed slow recirculation zones but little flow between the louvers 
(Note that the recirculation zones may be a result of using a five-column array, as will be 
discussed later.). At these Reynolds numbers, he hypothesized that free convection 
became more important than forced convection between the louvers. He gave three 
recommendations based on his work: 1) Use as many louvers in a column as possible to 
avoid the high friction factor and low heat transfer associated with the entry region; 
design heat exchangers with a few long columns of fins rather than many short columns 
of fins. 2) Make the reversal length as short as possible. 3) Have a minimum number of 
flow reversals. 
Achaichia and Cowell (1988a) developed a two-dimensional steady finite-
difference model to analyze flow over an infinite array of zero-thickness louvered fins for 
a Reynolds number range of 30 to 1500. They acknowledged that their steady model 
would not predict unsteady flow effects which may be present at the upper end of this 
Reynolds number span. In addition, their model does not include entrance region effects. 
They varied FplLp for constant louver angle and varied louver angle for constant FplLp. 
For the very small louver angles they found the flow to be mainly duct-directed--it passed 
straight through the test section without following the louvers, as shown in Figure 1.1. 
For very large angles, recirculation zones behind the louvers blocked the louver gaps. At 
low Reynolds numbers, the flow was mainly duct-directed while at higher Reynolds 
numbers the flow became louver-directed. Reducing the fin pitch caused the flow to 
become more louver-directed. They correlated the results of their simulations to get the 
following equation for the flow angle: 
f3 = 0.936- 243(YReLp ) -176(Fp JLp ) +0.9958 [1.1] 
where e and ~ are in degrees. At low Reynolds numbers the friction factor decreased 
with an increase in Reynolds number while at high Reynolds numbers, the f curve 
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flattened out to an approximately constant value. This flattening began at lower Reynolds 
numbers as the louver angle increased. One must be careful when examining friction 
factor results since the Reynolds number is based on louver pitch while the friction factor 
incorporates the hydraulic diameter; at a given Reynolds number, an increase in the fin 
pitch but a constant pressure drop will lead to an increase in the friction factor. 
In a related study, Achaichia and Cowell (1988b) acquired air-side Stanton 
number and friction factor data for flat tube and louvered plate-fin surfaces over a 
Reynolds number range of 120 to 8000. They used 23 samples that incorporated 15 
combinations of tube transverse pitch, fin pitch, louver pitch, and louver angle. In 
agreement with other researchers, they reported duct-directed flow at low Reynolds 
numbers and louver-directed flow at high Reynolds numbers. They saw a flattening of 
their Stanton number curves at low Reynolds numbers and attributed this behavior to 
thick boundary layers which block flow through the louvers. Fitting curves to their 
experimental data, they developed correlations for Stanton number andfas functions of 
Re Lp' fin pitch, louver pitch, tube transverse pitch, and louver angle. 
Aoki, et al. (1989) developed a method for determining heat transfer coefficients 
on individual louvers within an array. They used stainless steel sensing devices covered 
with a nickel film which acted as both a heater and resistance thermometer. Heating one 
louver at a time, they measured the air and element temperature as well as the power 
input. They varied the fin and louver pitch, louver angle, and the flow length of the fin 
core (fin depth). The flow for this method was not thermally developed, but they 
compared their results to the results obtained using a transient method, which provides 
thermally developed flow, and found the difference between the results to be only 5%. 
Thus they concluded that thermal boundary layers have little effect on downstream fins. 
Aoki et al. showed that the heat transfer coefficient decreased as the ratio of fin pitch to 
louver pitch increased. They also found that an optimum louver angle existed for a given 
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geometry. They showed that the heat transfer coefficients through the array were neither 
uniform nor symmetric. They did not present pressure drop data. 
Antoniou et al. (1990) measured local velocity and turbulence levels for one 
louvered-fin array. Since this array included only seven columns of louvers, wall effects 
were probably important (see later discussion). They found the mean flow angle to 
gradually change over the first few louvers to reach a fully developed value less than the 
louver angle. The rate of flow alignment was lower after the flow reversal louver. Above 
a certain critical Reynolds number, they noted vortices to shed off the trailing edge of the 
leading louvers. 
Suga, et al. (1990) developed a numerical code to predict heat transfer and 
pressure drop through an array using the overlaid grids method with a finite difference, 
two-dimensional code. This method allowed them to model finite-thickness fins. Since 
they modeled flow at ReLp<500, they assumed steady flow. They modeled arrays with a 
finite number of rows but infinite number of columns. For one geometry at Re=64, they 
compared their calculated results to LDV data in two locations. Results for one location 
showed good agreement, and the other showed what they termed "rough agreement". At 
Re=450, they reported flow separation after the turnaround louver for FplLp=1.75 but not 
for FplLp=1.125. They also presented local Nusselt number and pressure drop coefficient 
distributions on fins for two geometries with Re=450. Suga and Aoki (1991) reported that 
at Re=64, because of upstream thermal boundary layers, the louvers far downstream "are 
of no use as heat transfer fins". At Re=450, they report the fin wakes to still have an 
effect on heat transfer. This conclusion is in contradiction to their previous experimental 
work (Aoki et ai., 1989) where they conclude that thermal wakes have little effect. In 
addition, the row-by-row Nusselt numbers reported by Suga, et ai. (1990) show no 
apparent degradation in Nusselt number downstream in the array. Suga and Aoki (1991) 
said that thermal wakes affect the Nusselt numbers on the upper surface of the fins. 
However, of the four data sets presented between the two papers, only one data set shows 
6 
a decrease of any significance from the Nusselt number of the upper surface of the first 
row (not affected by fin wakes) to the Nusselt number of any other row upstream of the 
turnaround louver. One data set even shows an increase. In addition, Suga et al. (1990) 
reported the velocity gradient to be smaller on the upper surface than on the lower surface 
for one case. Most likely, thermal boundary layers are also dissimilar on the two sides, 
which would cause the Nusselt numbers to be different on the two sides. Therefore, it is 
likely that the downstream fins at Re=64 were "of no use as heat transfer fins" because of 
the smaller temperature difference (Tjins- Tbulk) rather than a significant decrease in heat 
transfer coefficient caused by fin wakes. Suga and Aoki (1991) proposed that the 
optimum heat transfer would occur for the geometry in which the wakes would pass 
between the downstream louvers rather than impinge upon them. They suggested the 
following equation for the optimum geometry: 
( F p / Lp tPt = 1. 5 tan e [1.2] 
This equation had acceptable agreement with the limited amount of experimental data 
they presented. 
Hiramatsu, et al. (1990) also analyzed the louvered-fin geometry numerically. 
They used a steady, two-dimensional finite-difference formulation and an oblique grid. 
Their results agreed well with their flow visualization for Re~500, and they reported 
fairly good agreement with existing heat transfer data. 
Webb and Trauger (1991) performed a flow visualization study of the louvered-
fin geometry. They injected ink into a water tunnel to visualize flow in 10: 1 models with 
parameter ranges of 0.49 ~ LplFp ~ 1.31, 400<ReLp<4000, and louver angles of 20° and 
30°. Their test sections incorporated ten columns of fins, which was probably adequate 
for 8=20° since they performed their flow visualization in the center columns. The walls 
may have had some effect for the tests with 8=30°. They defined flow efficiency to be 
actual transverse distance 
11 = ideal transverse dis tan ce 
7 
[1.3] 
where the ideal transverse distance is the distance the flow would have traveled in the 
transverse direction if the flow were exactly parallel to the louvers. They observed that 
the flow efficiency increased with Reynolds number up to a critical Reynolds number 
(Re*) at which the flow efficiency became independent of Reynolds number for a fixed 
Lp/Fp. Re* decreased slightly with increasing 8. From their data they were able to develop 
a correlation for Re* as a function of 8. They also reported that flow efficiency increased 
with both louver angle and LplFp. 
Webb and Trauger hypothesized that the large differences between their flow 
efficiency results and those of Achaichia and Cowell (1988a) for Reynolds numbers 
below 1000 may be due to entrance region effects which the numerical code did not 
simulate. At low Reynolds numbers - but not high Reynolds numbers - Webb and 
Trauger noted recirculation zones and eddies just downstream of the inlet louver. In 
comparing louvered and offset-strip correlations, they conjectured that vortex shedding in 
the louvered array at low Reynolds numbers may have reduced louver heat transfer 
performance relative to the offset-strip design. They noted what they termed "incipient 
poor performance" for flow efficiencies below 35-45%. They recommended that 
engineers design heat exchangers which result in flow efficiencies of no less than 45%. 
Sahnoun and Webb (1992) developed an analytical model that predicts heat 
transfer and friction factors for the louvered-fin geometry. They used Pohlhausen's 
solution for laminar flow over a constant temperature flat plate to predict the heat transfer 
from interior, inlet, exit, and turnaround louvers. This solution incorporated a correlation 
for flow efficiency which they developed from Webb and Trauger's data for Re < Re*. 
They used similar methods to predict the friction factor. Sahnoun and Webb predicted 
Davenport's data (1983b) with a mean deviation of ±8% except at the lowest Reynolds 
numbers where errors were higher. Dillen and Webb (1994) developed a semi-analytical 
method which had similar success predicting Davenport's data. These models are helpful 
in predicting j and f factors, but they cannot be used to study wall effects, and since they 
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assume steady flow, they cannot address unsteady flow effects present at moderate and 
high Reynolds numbers. 
In a more recent extension of Achaichia and Cowell's work, Cowell et al. (1995) 
provided an overview of heat transfer operating mechanisms for multi-louvered finned 
surfaces and a comparison of louvered surfaces to other types of surfaces. By comparing 
the previous numerical and experimental work of Achaichia and Cowell (1988a, b), they 
were able to show that fin heat transfer improves as the flow becomes aligned with the 
louvers. The rate of falloff of the mean flow angle is a function of the ratio FplLp. They 
presented the following equation for maximum flow angle 
f3max = 0.936 -1. 76( Fp/ Lp) + O. 9950 [1.4] 
(~ and e in degrees) and hypothesized that the falloff in Stanton number would begin to 
be detectable when ~/~max=O.95. They developed the following empirical correlation to 
give the Reynolds number at which this falloff begins: 
Re2p = 4860(0.936 -1. 76(Fp/Lp) +0.9958)-1 [1.5] 
Note that this equation is based on Achaichia and Cowell's model (1988a) that did not 
agree so well with Webb and Trauger's experimental data (1991). Comparing the 
performance of several different surfaces with the same frontal area and volume, Cowell 
et al. found louvered fins to allow a larger hydraulic diameter but also cause a larger 
pressure drop than offset-strip fins. They attributed the good performance of the louvered 
fins compared to offset-strip fins to several causes. 1) They said that the velocity relative 
to the fins is effectively higher because of the flow-directing properties of the louvers. 
(Interestingly, the fin density effectively increases due to the flow-directing properties of 
the louvers. It is unclear if the velocity increases, other than locally.) 2) Boundary layers 
growing on adjacent louvers cause a favorable pressure gradient which thins boundary 
layers. This effect is greater for louvers than offset-strip fins because the gap between 
adjacent fins is smaller for louvered arrays. 3) Manufacturing advantages allow for 
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smaller fin thicknesses, larger fin heights, and a higher fin density. The authors noted that 
performance data on inclined louvers in continuous flat-walled passages are needed. 
Bellows (1997) performed ink-in-water flow visualization over a Reynolds 
number range of 50 to 500. He used six stereolithography scale models in a closed circuit 
water tunnel. To keep array walls from affecting flow in the center of the array, he 
suggested the following guideline for the number of columns of fins in a flow 
visualization model: 
N 3dt >-
C F 
p 
[1.6] 
where dt is the transverse distance that flow travels through the model. He compared flow 
efficiency for a twelve-column model to a six-column model and found them to differ by 
100%. His results for flow efficiency showed an absolute percent deviation of 57% 
compared to Achaichia and Cowell's numerical simulation (1988a) which he attributed to 
the lack of developing flow in the simulation. He gave a correlation for flow efficiency 
based on ReLp, FplLp, and 8 and reported that flow efficiency is more dependent on 8 than 
it is on FplLp. However, this correlation is based on a limited data set, and the flow 
velocity used in this Reynolds number is not defined. He observed vortex shedding in the 
arrays above a Reynolds number of approximately 400. He did not relate his flow 
visualization results to heat transfer or pressure drop data. 
Chang and Wang (1996) have developed the most recent correlations for j and! 
for louvered-fin exchangers. They tested twenty-seven brazed aluminum multi-louvered 
heat exchangers and developed correlations for j and! These exchanger geometries were 
more current than those tested by Davenport. The samples had variable fin height, louver 
length, fin pitch, louver pitch, and fin depth. All samples had 8=28°. They developed 
correlations for j and f based on the area ratios e = AlAr and ez = Az I A where A is the 
total surface area, At is the external tube surface area, and Az is the louver surface area. 
These equations correlated 85% of the j and! data to within ±1O%. They also developed a 
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j correlation based on data from 91 samples given in the literature over a Reynolds 
number range of 100<ReLp<3000 (Chang and Wang, 1997). The resulting equation 
correlated 89.3% of the data to within ±15%. The mean deviation between this 
correlation and Achaichia and Cowell's (1988b) correlation for the plate-and-tube louver 
fin geometry was 28%. The comparisons between this new correlation and other 
correlations for the corrugated louver geometry were much closer. Chang and Wang did 
not present a friction factor correlation because of 300% variations in the data. Like many 
others, Chang and Wang's focus is the development of correlations, not a deep 
understanding of the heat transfer, pressure drop, and fluid dynamics interactions. 
Beamer, et ai. (1998) performed both flow visualization and CFD for several 
louvered-fin arrays. They report the same findings as several earlier researchers. Like 
Bellows, they report the decrease in flow efficiency near array walls. CFD results showed 
a non-uniform inlet velocity profile when few columns of fins were used in a louvered 
array. They give few details of their methodology. 
Several researchers (Lee, 1986; Zhang and Lang, 1989; Lue, et ai., 1993; Huang 
and Tao, 1993; and some of the work of Tura, 1986) performed experimental studies of 
the louvered-fin geometry using test sections which incorporated only three to five 
columns of fin in the transverse direction. These geometries do not allow flow to become 
aligned with the louvers and thus result in flow, heat transfer, and pressure drop results 
that are not representative of an actual heat exchanger. When too few columns of fins are 
present, instead of following the louvers, the flow separates and passes over the louvers, 
causing a large increase in pressure drop. 
1.2.2 Vortex Shedding 
Although the role of vortex shedding in louvered-fin arrays has been largely 
ignored, in recent years, many researchers have studied the effects of vortex shedding in 
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the related offset-strip geometry. These studies include experimental flow visualization 
and heat transfer investigations as well as numerical simulations. 
Mochizuki andYagi (1982) used dye and hydrogen bubbles to visualize flow 
through offset-strip fins in a water tunnel. In addition, they used a hot-wire anemometer 
to measure the vortex shedding frequency. Vortex shedding excites acoustic modes, 
resulting in noise with a frequency similar to the natural vortex shedding frequency. The 
authors performed their tests for a variety of conditions ranging from a single plate to 
twenty rows, or stages. For a single plate, a stepwise transition in Strouhal number takes 
place at about Ret=250. At this point vortex shedding moves from the trailing edge of the 
plate to the leading edge. They reported that when more rows are added, the shedding 
frequency before transition is lower than it is for a single plate. If two rows are present, 
two Strouhal numbers are also present. With three to eight rows, one Strouhal number is 
present at low Reynolds numbers, but multiple Strouhal numbers are present at higher 
Reynolds numbers since vortices are shed from every row. For nine to twenty rows, they 
found the Strouhal number to be constant at 0.13. They observed that as the Reynolds 
number is increased, the onset of vortex shedding moves upstream in the array. Three 
regimes were present in the flow--steady laminar, oscillating, and turbulent flow. When 
the Reynolds number is small, a small increase in the Reynolds number can cause vortex 
shedding to begin much farther upstream, but only minor changes occur when the 
Reynolds number is large. 
Mullisen and Loehrke (1986) studied both in-line and staggered interrupted-plate 
arrays for a range of 100<Redh<I0000. They used the Schlieren technique to visualize the 
flow and a transient heating technique to analyze heat transfer (They did address the 
thermal boundary condition issue for the transient heating technique.). They observed 
three regimes which they named steady, general unsteady, and periodic unsteady. In the 
general unsteady regime, the wake has a wavy structure downstream of the fins. The 
amplitude of the unsteadiness grows as the flow continues downstream, sometimes 
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forming flow that appears turbulent and fills the entire passageway. They reported that 
the periodic unsteady regime is characterized by vortex shedding from the trailing edge of 
the plates. In contrast to Mochizuki and Yagi, they concluded that for their geometry the 
flow regime does not depend on streamwise location; however, this may be partially due 
to the fact that their staggered test sections had only five rows of fins and their in-line, 
four. According to their studies, the wind tunnel test section geometry is important in 
establishing the acoustic resonant frequency while the plate dimensions and flow velocity 
are important in establishing the shedding frequency. When these two frequencies are 
similar, noise and periodic flow result. Mullisen and Loehrke also plotted j and f for 
various plate thicknesses. They saw an increase in j and f at the transition to unsteady 
flow. They theorized that this augmentation was due to wake unsteadiness which causes 
an increase in mixing and disrupts laminar boundary layers growing on downstream 
plates. The flow in their short arrays made the transitions between regimes at higher 
Reynolds numbers when streamwise spacing and plate thickness were decreased. 
In a study by Xi et al. (1991), ink was injected into a water tunnel to visualize 
flow in an offset-strip-fin arrangement for Rt1; ~ 300. They used a probe consisting of a 
hot- and cold-wire anemometer to measure velocity and temperature fluctuations. They, 
too, found that as the Reynolds number increases the flow proceeds from laminar flow to 
a flow in which the wakes exhibit either roughly sinusoidal fluid motion or the formation 
of a street of discrete vortices. Wake flow instabilities cause additional momentum and 
heat transfer, and as a result the j curve begins to deviate from the flat-plate solution. As 
the fin pitch decreases, the flow makes the transitions between these flow regimes at 
lower Reynolds numbers. 
Zhang (1996) used an unsteady finite-difference numerical simulation to study 
fluid dynamics and heat transfer in parallel-plate and louvered-fin arrays. He solved the 
unsteady Navier-Stokes and energy equations assuming the flow to be periodic in both 
the streamwise and transverse directions and employed a constant heat flux boundary 
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condition on the fins. He analyzed both the in-line and staggered parallel-plate geometries 
in depth. At high Reynolds numbers, the simulation showed significant increases in both 
the heat transfer coefficient and pumping power due to periodic vortex shedding. The 
flow was steady at low Reynolds numbers. Above a critical Reynolds number the flow 
became unsteady with a single dominant frequency, and fins shed vortices from their 
leading edges. At even higher Reynolds numbers the flow became chaotic. 
Corresponding two- and three-dimensional simulations show that at high Reynolds 
numbers, the two-dimensional simulation overpredicts the mean j factor (but not the f 
factor). Also, the two-dimensional simulation shows much larger instantaneous 
fluctuations in both the j and f factors. For the louvered-fin geometry, Zhang noted 
similar flow regimes. He reported that flow unsteadiness at high Reynolds numbers acts 
to increase the heat transfer coefficient. 
Dejong and Jacobi (1997) performed an experimental study of flow and heat 
transfer in arrays of staggered parallel plates. Complementary flow visualization and 
local, row-by-row, and spatially averaged mass transfer experiments were conducted. 
They showed a direct link between vortex shedding and mass transfer enhancement. 
Rows in the array where the fins were shedding vortices, which were identified using 
flow visualization, showed a marked increase in their Sherwood numbers. For steady, 
laminar flow, the local Sherwood number was highest at the leading edge of a fin and 
decreased as the boundary layer developed. However, for higher Reynolds numbers when 
vortex shedding occurred, the Sherwood number distribution had a local maximum at 
about 20% of the fin length downstream from the leading edge and then decreased along 
the fin. This behavior was related to both vortex shedding from the fin leading edges and 
boundary-layer growth. In the periodic unsteady regime, fins were noted to shed vortices 
from their leading edges. Using row-by-row and fully developed results and comparing 
these data to theoretical solutions for developing channel flows, the relative contributions 
of boundary-layer restarting and vortex shedding to heat transfer for one parallel-plate 
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geometry were determined. At low Reynolds numbers where no vortex shedding 
occurred, mass transfer results downstream in the array fell somewhat below the 
theoretical interrupted plate solution, indicating that the flow was not well mixed. 
(However, these low Reynolds number data were reduced using the incorrect driving 
potential. When the proper driving potential was applied, the data fell closer to the 
theoretical interrupted plate solution.) At higher Reynolds numbers, vortex shedding 
caused the mass transfer results to be significantly above the interrupted-plate solution. 
1.2.3 Convex-Louvered Fins 
Hatada and Senshu (1984) compared flow, heat transfer, and friction factor 
characteristics for parallel (offset-strip type) and convex louvers such as those shown in 
Fig. 1.2. They used a transient method that involved measuring the test section outlet air 
temperature response to a step change in inlet air temperature to determine the average 
heat transfer coefficient of the fins. Like Tura, they did not address the boundary 
condition issue, and neither did they present an uncertainty analysis. Since only small 
temperature differences were present in their test section (4K), the small changes in 
boundary conditions between tests may not have had a large effect; as Butler and Baughn 
(1996) point out, large differences in fin temperature gradients between tests can cause 
large differences in results, making comparison difficult. On the other hand, small 
temperature differences result in large uncertainties. They injected aluminum powder in 
water to perform flow visualization. They plottedj andfvs. Reynolds number andj andf 
vs. 9 for Re=500. These plots showed an optimum angle of approximately 20'. At 
9=20',fwas 8% higher for the convex geometry than for the flat-fin geometry, andj was 
14% higher. They performed flow visualization for 9= 17.4' and Re=500. They 
concluded that for the parallel fins, the flow was not well mixed while for the convex 
louvers it was. They attributed the increase in heat transfer for the convex fins to 
boundary-layer interruption and the increase in mixing. They attributed the increase in 
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the friction factor to the increase in the freestream velocity due to the reduction in the 
minimum cross- sectional area (although form drag was most likely the dominant factor 
in this increase). They concluded that convex fins are more efficient than parallel fins for 
the geometrical parameters they studied. 
Webb and Gupte (1990) compared several different interrupted surfaces using 
data and correlations from the literature. The data for the convex-louvered geometry 
came from Hatada and Senshu. For all the geometries, the louvered-fin geometry had the 
highest heat transfer coefficient while the convex-louvered geometry had the highest 
pressure drop. However, the convex geometry also exhibited the highest volumetric heat 
transfer performance, i.e., for a given VA requirement, the convex-fin geometry needed 
the smallest exchanger volume. The high pressure drop of convex fins limits application 
to lower air velocities, but even at relatively high air velocities a 20% material savings 
(compared to the plate-and-fin geometry) can be achieved with 300-400% added pressure 
drop. 
Pauley and Hodgson (1994) used flow visualization to search for the convex-
louvered geometry that gives the greatest mixing and hence the greatest heat transfer. 
Since Hatada and Senshu reported the greatest jlf for convex angles between 20. T and 
24.60, they chose to study angles of 190 and 240. They used ratios of Fp/4H (H=louver 
height) of 1, 1.5,2, and 3 and Reynolds numbers (based on fin length) of 400 to 3000. In 
order to measure the mixing efficiency, they defined the mixing angle as the included 
angle formed by the injected dye measured from the first louver it contacts. They plotted 
the mixing angle versus Reynolds number for all cases. Except for the Fp/4H=3 case, the 
mixing angle increased as the Reynolds number increased. The best case was for 8=240 
and Fp/4H=1.5. For Fp/4H=3, they reported that at high Reynolds numbers, the shear 
layer became unstable, and vortex rollup occurred. For this geometry with its large fin 
pitch, mixing did not extend between different columns of fins. They hypothesized that 
the large momentum difference between the axial flow and the flow passing around the 
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louvers caused the decrease in mixing angle with Reynolds number. For Re=400, they 
saw two recirculation zones--under the concave part of the fin and on the downstream 
convex side. These zones exhibited regular, periodic unsteadiness. Entrainment and 
ejection of flow caused side-to-side periodic vortex shedding. 
Wang et al. (1996) tested nine convex-louvered fin-and-tube heat exchangers as 
well as a louvered-fin, a wavy-fin, and a plain-fin geometry for comparison purposes. 
They give correlations for j and! based on their results for the nine convex-louvered 
geometries. Using a volume goodness factor comparison, they concluded that convex 
louvers provide significantly better performance than plate or wavy fins but similar 
performance to louvered fins. 
Several researchers have presented computational results for the convex 
geometry. Bemisderfer (1987) analyzed one of the geometries of Hatada and Senshu 
using CFD but did not describe the code in detail and reported significant differences 
between experimental and numerical results. Hatada et al. (1989) presented a simple two-
dimensional finite difference model and experimental results. They suggested that a 
mal distributed flow, properly controlled, can improve the heat transfer performance of a 
plate-fin geometry and that convex louvers of different angles can be used to create this 
flow. Matsushima et al. (1991) used a three-dimensional finite-element code to model 
heat transfer in one convex-louvered geometry under one condition and found heat 
transfer results to agree with Hatada and Senshu's within 12%. 
1.3 Objectives 
It is obvious that there has been considerable research directed towards 
characterizing flow and heat transfer for louvered fins. However, much of this work has 
been focused on developing correlations and on steady, low Reynolds number flow. Heat 
transfer enhancement mechanisms are not well understood for this complicated geometry. 
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This research is directed at filling three specific gaps in the understanding of louvered 
fins. 
First, the role of vortex shedding in the louvered-fin geometry is examined. 
Considerable research has been reported on the role of vortex shedding in the offset-strip 
geometry. Many researchers have reported the existence of a transition regime between 
the laminar and turbulent regimes which exhibits discrete, periodic vortex shedding 
(Mochizuki and Yagi, 1982; Mullisen and Loehrke, 1986; Xi, et aI., 1991; Zhang, 1996; 
Dejong and Jacobi, 1997). Amon and Mikic (1989) and Amon et at. (1991) showed that 
because of periodic vortex shedding and the restarting of the boundary layer, heat transfer 
for one column of interrupted fins can be up to 300% higher than for a flat plate with the 
same pumping power. They reported that laminar, self-sustained oscillatory flows can 
require less pumping power for a given rate of heat transfer than transitional and turbulent 
flows. Mochizuki and Yagi (1982) and Dejong and Jacobi (1997) observed that vortex 
shedding initiates in the downstream rows of an offset-strip array and initiates farther 
upstream as the Reynolds number is increased. Despite this volume of research devoted 
to vortex shedding in the offset-strip geometry, little work has been published on the role 
of vortex shedding in the louvered-fin geometry. Zhang's (1996) numerical simulation 
showed evidence of vortex shedding which enhances heat transfer for fully developed 
flow in the louvered-fin geometry. He reported that this geometry exhibits similar flow 
regimes to the offset-strip geometry. Tura (1986) and Bellows (1997) both reported 
vortex shedding in their flow visualization models. This research will answer the 
following questions: What flow regimes are present for flow through the louvered-fin 
geometry? Does vortex shedding initiate in the same manner as for offset-strip fins? 
What is the effect of vortex shedding on flow efficiency, heat transfer, and pressure drop 
through the louvered-fin geometry? 
Second, the effect of walls on flow and heat transfer through louvered fins has not 
been thoroughly investigated. Actual heat exchangers contain numerous columns of fins. 
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Achaichia and Cowell (1988a, b), Webb and Trauger (1991) and Bellows (1997) have 
shown that the flow becomes aligned with the louvers as it passes through the heat 
exchanger. The degree of alignment depends on Reynolds number, louver angle, the ratio 
of fin pitch to louver pitch, and the proximity of the wall. Nevertheless, many researchers 
have performed louvered-fin experiments with only three to five columns of fins in their 
test sections. These test sections would not allow the flow to follow the louvers, and thus 
the fluid dynamics would be very different from the large-array geometry. Bellows 
(1997) gave a rough estimate of the number of columns that a test section should include 
to avoid wall effects, but this estimate had little quantitative support. In addition, this 
estimate was for flow visualization only and thus did not take into account such effects as 
the increased pressure drop near the walls due to flow separation. Beamer et al. (1998) 
added little new knowledge to Bellows' observations of wall effects other than that the 
inlet velocity profile is somewhat non-uniform for arrays with few columns of fins. This 
research will answer the following questions: What are the effects of walls in an actual 
heat exchanger? How far do these wall effects extend? How many columns of fins are 
necessary to accurately model a heat exchanger? Does a geometry with walls separating 
columns of fins hold promise for heat transfer enhancement? 
Third, despite the fact that the convex-louvered geometry has been identified as a 
promising heat exchanger geometry (Hatada and Senshu, 1984; Webb and Gupte, 1990; 
Wang et al., 1996), very little research has been directed at this geometry. Hatada and 
Senshu and Wang et al. have performed the only systematic experimental studies of heat 
transfer and pressure drop, and they provide little insight into the causes of heat transfer 
enhancement for this geometry other than that it promotes mixing. This research will be 
directed not at analyzing the heat transfer and pressure drop characteristics of a wide 
range of convex-louvered geometries but at developing an understanding of the physics 
responsible for the increases in heat transfer and pressure drop over the parallel-fin 
geometry. 
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Table 1.1 - S 
~ 
Authors 
Davenport 
Tura 
Lee 
Achaichia and Cowell 
Achaichia and Cowell 
Zhang and Lang 
Aoki, Shinagawa, and 
Suga 
Antoniou, Heikal, and 
Cowell 
Hiramatsu, Ishimaru, 
Matsuzaki 
Suga, Aoki, and 
Shinagawa; 
Suga and Aoki 
f Related L 
Year 
1983a,b 
1986 
1986 
1988a 
1988b 
1989 
1989 
1990 
1990 
1990, 
1991 
( 1 of 2) d-Fin L' 
~ 
Major Contribution GapslProblems 
-developed j,f correlations -little discussion of physics 
-noted flattening of j curve at low Re 
-flow reversal louver adds little heat transfer -only five columns of fins for three of five Re 
-vortex shedding and low heat transfer occur -neglected varyi~g thermal boundary 
on first few louvers conditions for transient heat transfer 
measurements 
-measured heat transfer and pressure drop for -only three columns of fins in array 
varying louver angles 
-developed 2-D finite difference model -no unsteady effects included 
-flow is duct-directed at low Re, louver- -no entrance region effects 
directed at high Re 
-present Sf,f data for flat tube and louvered -difficult to understand local behavior with 
plate-fin surfaces full-scale testing 
-note flattening of Sf curve at low Re 
-measured Sh for varying Re, louver angle, -only four columns of fins 
and plate length 
-present h data on a row-by-row basis -unclear how many columns of fins were 
-h not always uniform or symmetric through used; end effects might have been important 
array -Re~450 
-thermal wakes have little effect on 
downstream fins 
-measured local velocity and turbulence levels ~only seven columns of fins in array 
for one louvered-fin array 
-mean flow angle gradually changes over the 
first few louvers to a fully developed value 
less than the louver angle 
-developed a 2-D steady finite-difference -no wall or unsteady effects 
code using an oblique grid 
-developed 2-D model with entrance effects -no unsteady or wall effects 
-thermal wakes are important -some conclusions not supported by data 
(Table 1 cont. next page,) 
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Table 1.1 - S 
Authors 
Webb and Trauger 
Sahnoun and Webb 
Huang and Tao; 
Lue, Huang, and Tao 
Dillen and Webb 
Cowell, Heikal, and 
Achaichia 
Bellows 
Chang and Wang 
Beamer, Ghosh, 
Bellows, Huang, and 
Jacobi 
fRelated L 
Year 
1991 
1992 
1993 
1994 
1995 
1996 
1996, 
1997 
1998 
d-Fin L' ( 20f2) , , 
Major Contribution GapslProblems 
-entrance region effects are important -no discussion of vortex shedding at high Re 
-observed duct-directed and louver-directed -no discussion of possible wall effects 
flow -no heat transfer, pressure drop data 
-present "analytical" model to predictj,j -no wall or unsteady effects 
-measured heat transfer and pressure drop for -only four columns of fins 
arrays of obliquely positioned plates of 
nonuniform length 
-developed semi-analytical model to predictj, -no wall or unsteady effects 
j 
-fin heat transfer improves as flow becomes -vortex shedding and wall effects not 
more louver-directed discussed 
-wall effects can be important in small arrays -no heat transfer, pressure drop data 
-limited data set 
-developed correlations for j,ffor -focuses on development of correlations, not 
contemporary designs actual physics 
-wall effects can distort inlet profile in small -no quantitative discussion of wall effects 
arrays -little new information provided 
N 
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Table 1.2 - S y f Aoolicable Literature Pertaining to Vortex Sheddinl! in A pp g rrays 0 fInt p ted Surf; 
Authors Year Major Contribution GapslProblems 
Mochizuki and Yagi 1982 -measured Strouhal numbers -only offset-strip fins 
-onset of vortex shedding begins downstream -no heat transfer measurements 
and moves upstream as Re increases 
Mullisen and Loehrke 1986 -identified three regimes: steady, general -only offset-strip fins 
unsteady, periodic unsteady -very short array 
-j,/ increase at transition to unsteady 
flow 
Xi, Futagami, Hagiwara, 1991 -identified three flow regimes -only offset-strip fins 
and Suzuki -j increases due to vortex shedding 
Zhang 1996 -developed unsteady finite-difference -focused mainly on offset-strip fins 
code -no entry region effects 
-identified three flow regimes 
-showed significant increases in heat 
transfer, pressure drop due to vortex 
shedding 
Dejong and Jacobi 1997 -measured effect of vortex shedding on -only offset-strip fins 
heat transfer for developing flow ! 
-quantified contributions of vortex 
shedding and boundary layer restarting 
-investigated local heat transfer on fin 
N 
W 
Table 1.3 - S 
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fC 
Author 
Hatada and Sen shu 
Webb and Gupte 
Pauley and Hodgson 
Wang, Chen, and Jang 
L 
Year 
1989 
1990 
1994 
1996 
dFin L' 
.Major Contribution Gaps/Problems 
-convex fins can be more effective than flat -no uncertainty analysis 
fins due to increased mixing and boundary -little discussion of physics 
layer interruption 
-comparison of several types of interrupted -brief overview of many geometries; none 
surfaces studied in depth 
-convex fins may be good if small volume is 
important 
.,' 
-observed flow structures -no connections made between flow 
structures and local heat transfer behavior 
-providedj andfcorrelations for convex fins -little discussion of physics 
-compared convex fins to other kinds -only overall heat exchanger results 
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Figure 1.1 - (a) Top view of a louvered-fin array. (b) Schematic of a cut-away portion of 
a louvered-fin heat exchanger. 
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Figure 1.2 - Top view of the convex louvered-fin geometry. 
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CHAPTER 2 - EXPERIMENTAL APPARATUS 
Three main experimental methods were employed -- flow visualization, mass transfer 
experiments, and pressure' drop experiments. The flow behavior was visualized by injecting dye 
in a water tunnel. The effect of the flow behavior on convective behavior was explored by 
performing mass transfer experiments in a wind tunnel; these experiments are analogous to heat 
transfer experiments (see Appendix A for a discussion of the heat and mass analogy). The 
naphthalene sublimation method was used to determine local and fin-averaged mass transfer, and 
the pressure drop across each test section array in the wind tunnel was also measured. The 
experimental apparatus consisted of four main subsystems: 1) the water tunnel and its 
corresponding test sections, 2) the wind tunnel and its test sections, 3) the wind tunnel 
instrumentation and data acquisition system, and 4) the laser profilometer. 
2.1 Water Tunnel and Test Section 
The closed-loop water tunnel used for the flow visualization experiments is shown 
schematically in Fig. 2.1. The water was pumped through a plenum, a section of honeycomb, the 
contraction, the test section, a return plenum, and back to the pump. Dye was injected into the 
flow upstream of the louvered arrays using a 1.3 mm diameter needle with its end bent in the 
direction of the flow. To help prevent vortex shedding from the needle, a fin made of heavy-duty 
aluminum foil was added to the needle as shown in Fig. 2.2. The needle was connected to the dye 
reservoir using Tygon tubing. The dye was gravity-fed, and the rate of injection was regulated by 
opening or closing a needle valve at the base of the dye reservoir. The dye consisted of red food 
coloring mixed with water. 
Photographs of flow behavior around individual louvers and throughout the array were 
recorded using a 35 mm camera (Canon EOS Rebel X) with a Macro Lens (Canon Compact-
Macro Lens) and ISO 400 Kodak film. For the louvered arrays, photographs were recorded from 
the top of the array. The louvered arrays were illuminated using two lamps. A photographic 
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floodlight (Smith-Victor, PL-8, 500 W bulb) was placed above and upstream of the array, so the 
light shone at a 4Y angle to the array. A smaller lamp with a 60 W bulb was placed above and 
downstream of the array, so the light shone at a _45 0 degree angle to the array to prevent dark 
shadows. A Tiffen polarizing filter was placed on the lens to prevent glare. For the convex-
louvered and offset-strip arrays, a mirror was placed beneath the test section at a 45° angle, and 
images of the mirror were recorded. No additional lighting was necessary. The negatives were 
scanned into digital format using a Leafscan system. 
The two test sections, which were constructed of GM-grade acrylic, are shown in Fig. 2.3. 
The 15.2 cm wide test section shown in Fig. 2.3a was used for the convex-louvered and offset-
strip arrays and several of the multi-louvered arrays. The 22.3 cm wide section shown in Fig. 
2.3b was used for several wider multi-louvered samples. Since the exit of the water tunnel 
contraction was 15.2 cm wide, an expansion was necessary in the test section upstream of the 
samples. Turning vanes (designed according to Fox and Kline, 1962) were used in the expansion 
to prevent flow separation. The freestream velocity profile of the water in the open test section 
downstream of the contraction was measured to be flat within approximately 6% - well within 
the 10% uncertainty of the velocity measurements (see Fig. 2.4). With different louvered-fin 
samples in the test section, the inlet profiles were flat to within roughly 10%. Downstream of the 
sample location, a contraction was placed to connect the 22.3 cm wide test section to the 15.2 cm 
wide return plenum. The contraction was constructed by heating 0.635 cm (0.25 in) thick acrylic 
with a heat gun and pressing it to a wooden mold. Flow visualization was performed to verify 
that no flow separation occurred in either the expansion or contraction over all flow rates of 
interest. The total length of both test sections was 45.7 cm. 
Seven arrays were tested - five multi-louvered arrays, called louvered #1,2,3,4, and 5 (Fig. 
2.5a), one convex-louvered array (Fig. 2.5b), and one offset-strip array (Fig. 2.5c) used for 
comparison to the convex-louvered array. The geometrical parameters for these arrays are listed 
in Table 2.1. The convex-louvered and offset-strip fins were constructed of 1.6 mm (1/16 in) 
thick acrylic. Louvered arrays 1-3 were constructed using stereolithography, and louvered arrays 
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4 and 5 were constructed by hand of acrylic (1.2 mm thick). Because the louvered arrays 
constructed of acrylic had greater geometric variability than the stereolithography arrays, 
louvered arrays 4 and 5 were used only for qualitative pressure drop comparisons. 
T hI 21 P a e - arameters 0 fS ITt d ampJes es e 
sample e (degrees) FplLp Lp (mm) fin height number of (mm) columns 
louvered #1 18 1.09 11.9 70.6 12 
louvered #2 28 1.09 11.9 70.6 12 
louvered #3 22 1.2 11.9 70.6 15 
louvered #4 23 1.7 11.9 70.6 12 
louvered #5 23 1.4 11.9 70.6 12 
convex-louvered 20 0.73 25.4 152.4 8 
offset-strip 0 0.73 25.4 152.4 8 
To construct models using stereolithography, a three-dimensional computer drawing is made 
using Pro-:Engineer and input into the stereolithography machine. A laser then passes through a 
vat of resin, electrolyzing areas where the solid material is to remain. The vat moves vertically so 
that a model is slowly built up, layer by layer. The models are sensitive to light, heat, and 
humidity and must be stored in a dry, dark place. The resulting model is a nearly opaque yellow 
color. To facilitate flow visualization, the louvered-fin samples were painted white. In addition, 
reinforci.ng members were necessary to prevent warping. These reinforcing members can be seen 
in the photographs of the flow visualization in Chapters 4 and 5 but do not extend into the flow. 
It must he noted that a plethora of length scales and geometrical parameters exist in the 
louvered-fin geometry -- the louver angle, louver pitch, fin pitch, louver length, fin thickness, 
number of louvers, number of columns of fins, and the lengths of the inlet, exit, and turnaround 
louvers. In this study, it was not necessary to vary each of these parameters to gain an 
understanding of the effects of vortex shedding and array walls. The goal of this study was to 
gain a better overall understanding of the physics rather than the development of correlations. 
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The lengths of the inlet, exit, and turnaround louvers were not varied since these louvers have 
only a small effect on the louvered-fin array. Flow over these louvers resembles flow over flat 
plates. The louver height was also not varied. A previous study of the related offset-strip 
geometry (Dejong, 1996) as well as the current study of the related convex-louvered geometry 
showed heat transfer to be independent of vertical location on the fin. Hence, heat transfer should 
be independent of louver height as well. While louver height may not be important in the 
analysis of louvered-fin arrays, it may be important in an actual heat exchanger if a smaller 
louver height causes the louvers to occupy a smaller percentage of the total surface area. Heat 
transfer is high on the louvers but lower on the un-interrupted sections such as the tube walls and 
non-louvered portions of the fin. If a smaller percentage of the total surface area is louvered, heat 
transfer will go down even though the heat transfer coefficient of the louvers will remain 
virtually unchanged. The number of louvers in the arrays was also not varied. The results will 
show that heat transfer is fairly constant throughout the array. Since heat transfer and pressure 
drop go hand-in-hand, it can thus be inferred that pressure drop is fairly constant as well. Since 
the heat transfer coefficient and pressure gradient are fairly independent of location, the current 
results can be easily extended to geometries with different numbers of louvers. As will be shown, 
the onset of vortex shedding within the array depends on louver location; however, vortex 
shedding will be shown to have little effect on heat transfer. 
Finally, the fin thickness was held constant in this study. In the steady, laminar regime fin 
thickness should have little effect. Correlations of the related offset-strip geometry (Joshi and 
Webb, 1987, Wieting, 1975) show j and/to have no dependence on tJ~ in the laminar regime. In 
the turbulent regime they show a mild dependence for j (0.02 power for Joshi and Webb, 0.089 
power for Wieting) and a somewhat stronger dependence for / (0.17 power for Joshi and Webb, 
0.534 power for Wieting). In design, the fin thickness is generally set by manufacturing 
considerations and is not a parameter that is optimized. Most louvered-fin correlations do not 
take fin thickness into account. The major effects of increasing tlLp for louvered arrays will be to 
increase the friction factor in the turbulent regime and to decrease the Reynolds number at which 
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vortex shedding begins. In addition, a significant increase in tILp will cause the gap between 
adjacent louvers to decrease in size, and thus the flow efficiency may decrease slightly (see 
Chapter 4 discussion). For the current study, tILp=O.l. This value is within the parameter range 
for louvered-fin heat exchangers currently in use. (Chang and Wang, 1997, report this range to be 
from 0.036 to 0.12 for 58 geometries studied in 1988 or later.) While the fin thickness may 
change the magnitude of some results to a small degree, the behavior will not change. 
In this study, Nc (the number of columns of fins), e, and FplLp were varied. One of the areas 
this study focuses on is wall effects, and thus Nc is important. Here N c ranged from 1 to 15 
columns. The louver angle, e, ranged from 18° to 28°, and FplLp ranged from 1.09 to 1.7. (For 
the current geometries listed by Chang and Wang, the louver angles ranged from 18.5° to 30° 
with an average of 27°. Neglecting several outliers, FplLp ranged from 0.97 to 2.3 with an 
average of 1.15.) While pressure drop data were acquired for all of the geometries listed in Table 
2.1, mass transfer data were acquired for only geometries 1-3 which have a smaller range of 
FplLp. However, since this study focuses on the understanding of physical processes rather than 
the development of correlations, this smaller range is sufficient. 
The convex-louvered array consisted of 64 convex-louvered fins in eight rows. Each convex 
fin had a 140° included angle (8=20°) in the center of the fin (x*=O.5). Each convex fin was 
constructed of two pieces of acrylic which were taped together, forming one continuous fin. 
Grooves at positive and negative 20° angles to the main flow direction were cut in the test section 
base and top. As shown in Fig. 2.6a, a convex fin is located at each intersection of these grooves, 
spanning the distance from the top to bottom plate. The grooves fixed the included angle of the 
convex fins at 140°. A similar array of offset-strip fins with the same fin pitch, louver pitch, and 
louver length was created by cutting straight grooves in the test section top and bottom (Fig. 
2.6b). The sections of the grooves between fins were filled with Spackle, fixing the fins in place. 
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2.2 Wind Tunnel and Test Section 
The wind tunnel, shown schematically in Fig. 2.7, was operated as a single-pass, induction 
wind tunnel. Air was drawn from the room and discharged outside the laboratory to prevent the 
freestream air from becoming contaminated with naphthalene (the substance used in the mass 
transfer experiments). The wind tunnel entrance consisted of an elliptical inlet which included 
hexagonal-cell honeycomb and screens to condition the flow. Two different inlets and 
contractions could be used depending on the test section in use. The first inlet was constructed of 
reinforced fiberglass with a smooth gel-coat surface. Downstream of the inlet was a 9: 1 
contraction that provided flow to the a 15.24 cm x 15.24 cm square test section (used for the 
convex-louvered and offset-strip arrays) similar to the one shown in Fig. 2.3a. The second inlet 
was constructed of acrylic. Downstream of this second inlet was a 9: 1 contraction, two sides 
constructed of thin acrylic and two of cardboard reinforced with copper strips. This contraction 
provided flow to a 24.28 cm x 7.06 cm test section. The different test sections and contractions 
could be easily interchanged. In the 15.24 cm x 15.24 cm test section, the freestream velocity 
profile was uniform to within approximately 2% as shown in Fig. 2.8. These example data were 
recorded using a hot-wire anemometer centered vertically in the test section; the position was 
measured horizontally in the test section, with 0.0 and 1.0 indicating the test section walls. In the 
24.28 cm x 7.06 cm test section, the freestream velocity profile was uniform to within 
approximately 3% at low velocities (ignoring the low velocity in the boundary layer next to the 
test section walls) and 1 % at higher velocities, as shown in Fig. 2.8. The turbulence intensity in 
the center of the test section was approximately 0.5% (although it reached 1 % within 1 cm of the 
test section walls). Downstream of the test section a diffuser carried the flow to a compact radial 
blade fan. The fan was powered by a 1.49 kW induction motor. 
Freestream velocities provided to the test section could range from approximately 0.1 to 10 
mls. The flow was measured using one of three different orifice plates, depending on the flow 
rate (see Fig. 2.7). The orifice plates, which were 10.16 cm OD, ASME standard plates, were 
placed in a 10.16 cm (4 in) pipe downstream of the fan. The bore diameter for Orifice Plate 1 
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was 3.68 cm, for Orifice Plate 2 was 5.59 cm, and for Orifice Plate 3 was 7.62 cm. Four pressure 
taps were placed one pipe diameter upstream, and four pressure taps were placed one half 
diameter downstream of the orifice plate in 90° intervals around the circumference. The pressure 
drop across an orifice plate was measured with a Dwyer precision electronic manometer with a 
range of 0-497 Pa ±O.12 Pa (0-2 in water ±O.OOO5 in). In accordance with the ASME standard 
(1989), a flow conditioning section was placed seven pipe diameters upstream of the plate but 
more than six diameters downstream of the nearest pipe bend. Downstream of the plate was a 
length of pipe exceeding the required four pipe diameters specified in the standard. For 
additional details on flow measurement, see Appendix B. 
A schematic of the bottom plate of the test section for the louvered arrays is shown in 
Fig. 2.9. The test section was constructed using GM grade acrylic. The inlet of the test section 
was 24.3 cm, the width of the widest of the louvered arrays tested. Three sets of grooves 0.8 mm 
wide were cut in the top and bottom of the test section. Thin acrylic pieces could be fit into the 
grooves, creating alternate side walls. These side walls formed a second contraction within the 
test section itself, allowing the testing of samples 15.2, 18.0, and 19.4 cm wide in addition to the 
24.3 cm wide samples which could be tested without alternate side walls. The 25.5 cm long 
louvered array to be tested was positioned with the center columns above the 43.2 cm open 
section. When no alternate side walls were present, the array was located 5.1 cm downstream of 
the inlet. When alternate side walls were used, the test array was located 5.1 cm downstream of 
the second contraction. Holes allowing the insertion of RIDs were located approximately 2.5 cm 
upstream and downstream of the test array. Four static-pressure taps were also located 
approximately 3.8 cm upstream and downstream of each array, one tap on each side of the test 
section. The four taps were connected using Tygon tubing. All holes not used for a given test 
were covered with tape. 
For the mass-transfer experiments using the louvered arrays, the center column of fins of 
each array was removed and replaced with test fins coated with naphthalene (shown in Fig. 2.10). 
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A piece of stiff foam sized to fit snugly into the 43.2 cm open section in Fig. 2.9 was cut. The 
column of test fins was held in place by pressing the stainless steel tab on the bottom of each fin 
into the foam. The inlet and exit louvers (see Fig. 2.5a) were never tested; dummy fins of the 
same width as the naphthalene-coated fins were used to create hydrodynamically equivalent flow 
(Thermal development effects are discussed in Chapter 3.). Flow visualization showed the flow 
over the inlet and exit louvers to resemble flow over a flat plate. No eddies or separation zones 
were noted. Thus, to save time in sample preparation, dummy fins were used. The turnaround 
louver was tested in addition to the seven fins upstream of the turnaround louver and seven 
downstream. Once the test fins were in place, the foam was inserted from the bottom of the test 
section. The array (with the center column missing) was lowered from the top of the test section. 
For the mass-transfer experiments using the convex-louvered and offset-strip arrays, the 
acrylic fins in the center column in the sixth and seventh rows of the eight-row array were 
replaced with test fins coated with naphthalene (shown in Fig. 2.11). Local sublimation results 
showed sublimation to be independent of vertical location on the fin (outside the boundary 
layer). Thus, it was not necessary to cover the entire fin with naphthalene. Only the center third 
of the fin was covered to enable easier specimen preparation and to avoid end effects. Tests were 
performed at several Reynolds numbers with an entire streamwise flow channel of fins (columns 
1-7) coated with naphthalene rather than just the sixth and seventh rows. However, tests of flow 
through offset-strip fins showed that mass transfer in the sixth and seventh rows of the array, 
where the flow was developed, was the same (within the uncertainty of the measurements) 
whether naphthalene-coated fins were placed upstream (creating both hydrodynamically and 
thermally developed flow* ) or only dummy fins (creating hydrodynamically but not thermally 
developed flow). By the time the flow reached the downstream fins, the thermal wakes were 
recovered and thus had no discernible effect on downstream fins. This phenomenon is illustrated 
in Figure 2.12, which shows the Sherwood numbers in successive rows on fins in the array 
* The flow is developed with respect to species, not temperature. However, for convenience sake this flow will be referred to as 
"thermally developed" since species and temperature are analogous. 
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(where" 1" is the inlet and "8" the exit). If the thennal wakes significantly affected downstream 
fins, the fins nearer the exit of the array would show Sherwood numbers significantly different 
from (lower than) the Sherwood numbers of fins near the inlet of the array. Flow either at higher 
Reynolds numbers or through convex fins would result in even more mixing, which in turn 
would cause the thermal wakes to be recovered even more quickly. Thus, most tests were 
perfonned with only two fins coated with naphthalene to save time preparing specimens. 
2.3 Instrumentation and Data Acquisition 
During each run, upstream and downstream temperatures, core pressure drop, relative 
humidity, barometric pressure, exposure time, and fin mass were recorded in addition to the 
pressure drop across the orifice plate discussed earlier. The upstream and downstream air 
temperatures were recorded using calibrated platinum RTDs. The uncertainty of the temperature 
measurements was less than 0.1 dc. For a detailed discussion of the calibration procedure and 
uncertainty analysis, see Appendices C and D. Temperature data were recorded every five 
seconds throughout each experiment using the National Instruments AID card AT-MIO-16E-2 
which has 12-bit resolution and a maximum sampling rate of 500kS/s. The RTD output was fed 
through an SCXI-1121 isolation amplifier with excitation, an SCXI-1321 offset-null and shunt 
calibration terminal block, and an SCXI-lOOO chassis to the AID card in the Dell Dimension 
5100 T computer. A shielded cable was used to connect the chassis to the AID card. The data 
were analyzed using the data acquisition software Lab View. The pressure drop across the core 
was measured using a pressure transmitter with a range of 0-24.9 Pa (0-0.1 in water). The 
pressure drop readings were also displayed using Lab View. For pressure drops larger than 24.9 
Pa (0.1 in water), the electric manometer was used. The relative humidity was determined using a 
humidity indicator and the barometric pressure using a mercury barometer. Test fins were 
weighed before and after tests using a Mettler 120 g balance with an accuracy of ±O.00005 g. 
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2.4 Laser Profilometer 
Local sublimation depths on the convex and offset-strip naphthalene-coated fins were 
determined using a laser triangulation system based on the concept shown in Fig. 2.13. Laser 
triangulation is an optical, non-contact method of determining surface contours. A laser beam 
focused on a surface is reflected and passes through a lens onto a photo detector. Surfaces of 
different heights reflect the beam to different positions on the photo detector, allowing the height 
to be determined. For these experiments, a Cyber-Scan 206 profilometry system (Cyber Optics 
Corp.) was used. The published accuracy of this system is ± 1 % of the sensor's range -- 4 !lm. 
However, repeated scans of the stainless steel base of the fins show the accuracy to be closer to 
± 6 !lm. A complete description of this system is given by Kearney (1995). 
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Figure 2.1 - Schematic of water tunnel used for flow visualization experiments. 
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Figure 2.2 - Schematic showing the side and enlarged top views of the dye-injection needle. The 
fin was used to prevent vortex shedding from the needle at high Reynolds numbers. 
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Figure 2.3 - Schematics of water tunnel test sections used for a) 15.2 cm wide samples, and b) 
22.3 cm wide samples. 
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Figure 2.4 - Freestream water velocity profile entering the 22.3 cm wide louvered-fin sample 
(Fig. 2.3b). Data were taken at positions centered vertically in the test section at different 
transverse locations (positions of 0.0 and 1.0 indicate the test section walls). 
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Figure 2.5 - Schematics of the three types of arrays tested: a) louvered, b) convex-louvered, and 
c) offset-strip. Dimensional parameters are shown in Table 2.1. 
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Figure 2.6 - Schematic of test section bases showing how the convex and offset-strip fins are 
located. a) Grooves at ±20· angles are cut in the base, and the convex louvers fit in the 
intersections of the grooves. b) Offset-strip fins are fixed in place in straight grooves. 
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Figure 2.7 - Schematic of the wind tunnel used for mass transfer and pressure drop experiments. 
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Figure 2.8 - Freestream velocity profile at the wind tunnel test section inlet with no fins present 
in the test section. Data were taken at positions centered vertically in the test section at different 
transverse locations (positions of 0.0 and 1.0 indicate the test section walls). 
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Figure 2.9 - Schematic showing the bottom plate of the wind tunnel test section used for the louvered-fin experiments. For 
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Figure 2.10 - Schematic of test fins used in the louvered arrays. 
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Figure 2.11 - Schematic of tlie test fins used in the convex-louvered arrays. Section A-A shows 
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Figure 2.13 - Schematic of laser triangulation technique used to determine local sublimation 
depths on naphthalene fins (Jalkio, et ai., 1985) 
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CHAPTER 3 - PROCEDURE AND DATA INTERPRETATION 
3.1 Water Tunnel Experiments 
Flow visualization experiments were conducted in the water tunnel by injecting ink into the 
flow approximately three centimeters upstream of the first louver. The ink was injected at a 
position centered vertically in the test section to minimize end effects and at different horizontal 
positions to visualize different flow structures in the array. For the convex-louvered and offset-
strip arrays, the water velocity was determined by measuring the time necessary for the ink to 
pass through the arrays. Since the ink passed straight through those arrays, the total array length 
was divided by the transit time (averaged over three to five values) to find the flow velocity. For 
the convex fins, appropriate area ratios were applied to find the maximum velocity (See Section 
3.2 for a discussion of the maximum velocity in the convex-louvered geometry.). However, for 
the louvered arrays the flow did not pass straight through the array. Rather, at medium to high 
Reynolds numbers, the flow followed the louvers. Therefore, the transit time was measured in 
the open area of the test section upstream of the louvered array. The velocity used for Reynolds 
number calculations -- the velocity within the inlet louvers -- was determined using a simple area 
ratio and the conservation of mass. Water temperature was measured with a thermometer to 
enable determination of the water viscosity. 
As described in Chapter 2, photographs of the flow behavior around individual louvers 
and throughout the array were recorded. In addition to the photographs, the flow efficiency at 
different Reynolds numbers and different locations in the array was recorded. The flow 
efficiency, T1, is a measure of the extent to which the flow follows the louvers. It is defined as the 
ratio of the transverse distance traveled by the flow, dt• divided by the transverse distance 
traveled by the flow if it had followed the louvers perfectly, de' (Fig. 3.1). This value was 
recorded for ink injection at several different locations (both impinging on the leading edge of 
the inlet louver and passing between adjacent inlet louvers); the average value was used for all 
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calculations. In addition to the flow efficiency, as the flow velocity was increased, the Reynolds 
number at which a given row of fins first began to shed vortices was recorded. This number was 
not always clear because the vortices were small and unsteadiness began somewhat gradually. 
Therefore, the exercise of some judgment was required in this determination. A magnifying glass 
was used to see the vortices more clearly. 
3.2 Preparation of Naphthalene Specimens 
The convex-louvered and offset-strip test fins and the louvered test fins were constructed 
using two different methods. The convex and offset-strip fins were constructed of 0.16 cm thick 
aluminum sheeting. As shown in Fig. 2.10, a cavity was cut in the center of each fin. During 
specimen preparation, the fins were slid into tight-fitting molds. The molds used for the convex 
fins are shown in Fig. 3.2; the mold for the offset-strip fins was similar. To make the fins, 
scintillation grade naphthalene (99+% pure) was heated above its melting point of 80.2 °C in a 
beaker. The molten naphthalene was poured into the cavity. The mold prevented the molten 
naphthalene from running out the sides of the fin cavity while the naphthalene solidified. Each 
complete convex fin was made out of two smaller (1.27 cm wide) fins which were placed 
together. One mold provided fins edges of 70° and 90° while the other provided edges of 110° 
and 90°. When the resulting small fins were placed together, a convex fin with an included angle 
of 140° was constructed (Fig. 2.10). After the naphthalene was poured into the mold and allowed 
to solidify, the excess was removed by repeatedly scraping the surface with a razor, and the 
surface was polished using fine-grit sandpaper. The resulting naphthalene surface was of the 
same height as the rest of the fin. Once this procedure was complete, the fins were slid out of the 
mold. Then the thin fin edges were covered with nail polish. It was necessary to cover the fin 
edges because high mass transfer rates where the flow impinges at the front edge would cause 
enough sublimation to distort the fin surface profile. However, a very thin coating was desired to 
ensure that any errors due to an unheated starting length were negligible «1 %). An estimate 
based on the local Nusselt number plots of Zhang, 1996, shows that in these louvered-fin 
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geometries where the fin edge typically contibutes to only a few percent of the total fin area, the 
leading and trailing edges contribute approximately 5% of the total heat transfer. 
The offset-strip test fins were constructed in the same way as the convex test fins except one 
complete fin consisted of only one piece rather than two pieces put together. Like the convex 
array, for the offset-strip array only two test fins were used for each test. The reported Sherwood 
numbers are an average of the two. 
A small amount of laser dye was added to the molten naphthalene used to make specimens 
for which local sublimation data were to be acquired using the laser profilometer. This procedure 
improved the performance of the laser by reducing reflections from planes below the naphthalene 
surface; only reflections off the naphthalene surface were desirable. Reflections from below the 
surface caused noisy images on the receiving optics array. They appeared to the viewer as points 
which were out of range. This noise was reduced by dissolving 10-3 gmol per liter of IRA 980 
(Exciton) laser dye in the molten naphthalene. The addition of this small amount of laser dye did 
not affect mass transfer behavior. The dye absorbed most of the signals which penetrated below 
the naphthalene surface, so only the portion of the laser beam which reflected off the naphthalene 
surface was received by the laser profilometer optics. 
The louvered test fins were constructed by dipping a stainless steel substrate in molten 
naphthalene. Naphthalene was melted in a beaker as before and poured into a graduated cylinder. 
The substrate was dipped in the naphthalene approximately two times to achieve the same total 
fin thickness (within 10%) as the dummy fins in the rest of the array. It was important not to 
raise the naphthalene to a temperature much above its melting temperature. If the temperature 
were too high, the first layer of naphthalene would melt off when the fin was dipped the second 
time, leaving the naphthalene layer too thin. The thickness of the fins was checked with of a 
micrometer. The naphthalene covering the edges was removed using the razor, leaving sharp fin 
edges. All edges were coated with nail polish as described before (see Fig. 2.11). The tab at the 
bottom of the fin which was used for fin placement was not coated since it was not exposed to 
the flow. For most of the louvered-fin experiments, an entire column of fins was coated with 
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naphthalene (the turnaround louver plus the seven louvers upstream and the seven downstream). 
As discussed later, it was necessary in some cases to correct for a non-zero freestream 
naphthalene concentration. 
3.3 Mass-Averaged Experiments 
Since heat and mass transfer are analogous (as discussed in Appendix A), mass transfer 
experiments were performed instead of heat transfer experiments. Mass-averaged data were 
obtained by weighing the test fins before and after exposure in the wind tunnel. Before each run 
the test fins were weighed using the balance, which was allowed to warm up for at least an hour 
beforehand. The fins were then placed in the tunnel, and the tunnel was turned on. The tunnel 
motor was also allowed to warm up prior to use. At the same time, a stop watch and the data 
acquisition system were started. RTD voltages, which were converted to temperatures, were 
recorded every 5 seconds throughout each experiment. The average value of these temperatures 
was used in all data reduction. The vapor pressure of naphthalene and the diffusion coefficient of 
naphthalene into air were linear over the small temperature fluctuations (approximately 2 K) 
during a given test. Half way through the run, the barometric pressure, the relative humidity, and 
the pressure drop across the array were recorded. At the beginning, middle, and end of the run, 
the pressure drop across the orifice plate was recorded. These three values were always very 
close (within approximately 1 %), and an average value was used in calculations. After the run 
was finished, the fins were removed and weighed again. Experiments ranged in time from 1 to 2 
hours, depending on the Reynolds number. At high Reynolds numbers, fins were exposed for a 
shorter period of time to ensure that excessive sublimation did not distort the fin surface (1 hr at 
Re=1380). At low Reynolds numbers, fins were exposed for a longer period of time to keep the 
uncertainty of the mass measurements small (2 hrs at Re=80). 
The time required to weigh the fins twice and insert and remove them was three to four 
minutes. By weighing a fin, exposing it to the laboratory environment for an hour, and re-
weighing it, an approximate natural sublimation rate was determined. This sublimation rate was 
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small enough that corrections for natural sublimation during these three to four minutes fell 
within the uncertainty of the average Sherwood number calculation. Therefore, this correction 
was ignored for the mass...,averaged experiments. 
The data were reduced using the following equations for Reynolds number, average mass 
transfer coefficient, average Sherwood number, modified Colburn j factor, friction factor, and 
Euler number. The modified Colburn j factor was used instead of the conventional Colburn j 
factor since Sparrow and Hajiloo (1980) suggested that the modified j factor is more accurate for 
intermediate values of the Schmidt number for offset-strip type surfaces. 
UcLp (convex and offset-strip) ReL = -- (louvered) 
p v 
[3.1] 
- Lim h =-------
m Aj(Pn,v-Pn,oo)Lit 
[3.2] 
[3.3] 
[3.4] 
[3.5] 
Eu= 2LiP 
pU; 
[3.6] 
Here Uc is the maximum flow velocity through the array. Flow visualization for the convex-
louvered geometry showed a large recirculation zone underneath the concave portion of the fin at 
all Reynolds numbers tested, so the minimum free-flow area between a given column of fins 
used to determine the maximum flow velocity was (Fp-H-t)*fin span. The hydraulic diameter, diz, 
IS 
[3.7] 
50 
where H is non-zero only for the convex-louvered fins. 
The Sherwood numbers for the convex and offset-strip fins are based on louver pitch rather 
than hydraulic diameter to facilitate comparisons between heat transfer in the convex-louvered 
array and the offset-strip array which have different hydraulic diameters (due to the smaller 
minimum cross-sectional area of the convex-louvered geometry) but equivalent fin and louver 
pitches. However, the Reynolds numbers for the convex and offset-strip fins are based on 
hydraulic diameter so that equivalent mass flow rates lead to equivalent Reynolds numbers (cf. 
Equation 3.1). When results are compared to the literature, where use of the Colburn j factor is 
conventional, all results are scaled with the conventional hydraulic diameter to ensure valid 
comparisons. Nondimensional parameters for the louvered-fin results, on the other hand, are 
based on louver pitch. Many length scales exist in the louvered-fin geometry (see Section 2.1). 
The length scale that is the most physically relevant to the flow -- that has the greatest effect on 
heat transfer and pressure drop -- should serve to collapse the data the best. As noted by 
Davenport (1983a,b), the louver pitch collapses the data better for this geometry than does the 
hydraulic diameter (or any other easily identifiable length scale). The reader is directed to 
Appendix B for more information on data reduction. 
Two areas pose difficulty in data reduction. The first deals with thermal development, and the 
second deals with the determination of the mixed-mean naphthalene concentration, Pn,oo' First, 
the convex-louvered and offset-strip fin data were acquired in the sixth and seventh rows of the 
array. Dummy fins were placed upstream, creating hydrodynamically but not thermally 
developed flow * . For tests of louvered fins, on the other hand, an entire column of fins was cast 
with naphthalene. At the lowest Reynolds numbers, where the flow was duct-directed, (up to 
Re=80 to 170 for the current tests, depending on geometry) this practice resulted in thermally 
developed flow. At higher Reynolds numbers, where the flow was louver-directed, this practice 
resulted in thermally undeveloped flow 
* Again, for convenience's sake, the words "thennally developed" will be used to refer to flow that is developed with respect to 
species since heat and mass transfer are analogous. 
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To say that the heat (mass) transfer coefficients for the fins where the flow was thermally 
undeveloped are representative of the coefficients for fins under thermally developed conditions 
is to assume that upstream thermal boundary layers have little effect on the heat transfer 
coefficients of downstream fins. Although researchers using the naphthalene sublimation method 
as well as other methods commonly make this assumption, it is not good practice to do so 
without support. Three pieces of evidence support this claim. First, Dejong et al. (1998) noted 
that for a similar offset-strip geometry with eight rows of fins, thermal development appeared to 
have an insignificant effect on results. There was no appreciable difference between results in the 
seventh row when an entire flow channel of test fins was used and when dummy fins were used 
in the first six rows. Under steady laminar flow conditions, heat transfer coefficients for fins in 
different rows were approximately the same everywhere in the array -- boundary layers from 
upstream fins did not affect heat transfer from downstream fins in any discernible manner (see 
Fig. 2.11). Since the convex-louvered geometry results in more mixing than the offset-strip 
geometry, thermal boundary layers should have an even smaller effect in that geometry. 
Second, Aoki et al. (1989) found that for a louvered-fin sample similar to ones used here 
(8=27.8·, FpILp=1.5), the thermal wakes were recovered by the time the flow reached the 
downstream fins over the Reynolds number range of testing, 70 to 450. Their results for 
thermally undeveloped flow (where they heated one fin at a time) were the same as their results 
for thermally developed flow (Results showed a 5% difference, which was within the 
uncertainty. ). 
Third, for one bounded louvered-fin geometry thermal development effects were calculated 
to be negligible. Tests were performed with a wall present after every three columns of fins. 
Under those conditions, the flow was bounded, and it was possible to detennine the mixed-mean 
naphthalene concentration (used in Eq. 3.2) using the following formula: 
L1m/fin 
Pn,oo = L1t. U . A 
c c 
[3.8] 
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Here Ac is the cross-sectional area of the three columns of fins, .1m is the change in mass of a fin 
over a given test, and L1t is the elapsed time of the test. For these cases, the mass transfer 
coefficients for fins in the sixth and seventh rows downstream of the turnaround louver were the 
same (within the uncertainty) whether dummy fins or test fins were placed upstream. These 
results indicate that while an increase in the mixed-mean naphthalene concentration definitely 
decreases mass transfer just as a decrease in AT would decrease heat transfer, the concentration 
boundary layers have a small effect on the mass transfer coefficient (within the 5% uncertainty). 
(Although it must be noted that flow through this bounded geometry is characterized by large 
recirculation zones and thus is not completely representative of flow through the other 
geometries.) 
These three points strongly support the assumption that upstream boundary layers have little 
effect on downstream fins. Thus, for each geometry tested here, the Sherwood number for a 
given fin would be the same (within the uncertainty) whether naphthalene-coated fins or dummy 
fins were placed upstream. With that assumption, the mixed-mean naphthalene concentration, 
Pn,oo, could be determined and the data properly reduced. For runs where only two naphthalene-
coated fins were used (convex-louvered and some offset-strip fin runs), Pn,oozO. The naphthalene 
that sublimed resulted in a mixed-mean naphthalene concentration of less than 1 % of Pn,v, the 
density of the naphthalene vapor at the fin surface. For the louvered fins, at the low Reynolds 
numbers, Pn,oo* O. At higher Reynolds numbers (Re>700), for which the flow was louver-
directed~ Pn,oozO. For the louvered fins, several tests were performed at each Reynolds number. 
First, a test was performed with an entire column of fins coated with naphthalene. Then two 
additional tests were performed -- one with naphthalene-coated fins in the sixth and seventh rows 
(downstream of the turnaround louver) and dummy fins upstream, and one with two fins in the 
center of the array Gust downstream of the turnaround louver) coated with naphthalene and 
dummy fins elsewhere. Since the Sherwood numbers should be the same in both cases, a 
comparison of the results allows one to determine the value of Pn,oo for these two positions in the 
array. The values of Pn,oo for other locations could be easily interpolated since the total mass 
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change for each fin was known. Note that the mixed-mean naphthalene concentration for the first 
two rows of fins was always zero. Table 3,1 shows the percent correction in Sherwood number 
(averaged through the array) due to a non-zero mixed-mean naphthalene concentration for one 
typical geometry. 
Table 3.1 - Percentage correction in the array-averaged Sherwood number due to non-zero 
freestream naphthalene concentration for the geometry with 8-22 0 and F IL -1 2 P' 'P- .. 
Reynolds number 3-column geometry 15-column geometry 
97 13 6.5 
270 4.9 4.1 
600 4.1 2.8 
990 5.3 --
1380 4.4 --
3.4 Local Mass Transfer Experiments 
Except for the use of the laser profilometer, the local mass transfer experiments were similar 
to the mass-averaged experiments. The tests were also longer -- up to 4 112 hours -- to ensure 
enough sublimation to make the ±6 J!m uncertainty of the profilometer small compared to the 
sublimation depth. The largest sublimation depths were aways less than 5% of the total fin 
thickness. (The average was 2.3%.) Local mass transfer experiments were conducted only for the 
offset-strip fins and convex louvers. Before each scan, the profilometer stepper motors were 
turned on for at least four hours. This long warm-up period was necessary to reduce errors due to 
thermal drift. As the motors warmed up, heat was transferred to the laser base, which was 
constructed partially of aluminum. If the base were not allowed to warm up before a test, the 
base would expand between the first and second scans, causing significant errors. No more than 
one fin was scanned for each experiment. Prior to its first weighing, the test fin was scanned 
using the laser profilometer. The laser is stationary, and stepper motors move a stage underneath 
it. To verify that the same area of the fin was scanned each time, the fin was placed against 
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guides clamped to the profilometer stage. The fin was clamped down to ensure that it was flat 
against the profilometer stage for all scans. The scan for the offset-strip fins covered a 5.08 cm x 
2.54 cm area in the center of each fin in a grid of 50 x 30 equally spaced points. The two pieces 
making up a convex louver were scanned separately; the scans covered a 5.08 cm x 1.27 cm area 
in a grid of 50 x 18 points. After exposure in the tunnel, the fin was weighed and scanned again. 
By comparing the two surface profiles, it was possible to determined how much sublimation 
occurred at a given point. 
Natural sublimation occurred during the eight minutes require to scan a fin. Since the vapor 
pressure of naphthalene is highly dependent on temperature, a high laboratory temperature could 
cause natural sublimation to be significant. Therefore, the amount of natural sublimation was 
checked during each local mass transfer experiment. Two scans were conducted at the end of the 
test. By subtracting the values acquired during these two scans, the sublimation depth caused by 
natural sublimation during a scan could be determined. This value could then be subtracted from 
the sublimation depths which were determined by subtracting the results of the scan done 
immediately after exposure in the wind tunnel from the one performed before. However, this 
process generally proved to be unnecessary. The natural sublimation depths were almost always 
within the error of the laser profilometer, in which case they were neglected. The local mass 
transfer data were reduced using the following equations. Once again, the reader is directed to 
Appendix B for a more thorough analysis of data reduction. 
hm = Pn,s8sb 
(Pn,v - Pn,oo)L1t 
[3.9] 
[3.10] 
In each of these cases, Pn,oo=O. As a check, the local Sherwood numbers were integrated and 
compared to the mass-averaged Sherwood numbers using the following formula: 
- 1 ~ 
Shintegrated = - £... Sh N 
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[3.11] 
If Shintegrated were not within 10% of the mass-averaged Sherwood number, the local data were 
rejected. 
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T T ~~ ................................................................. ~--------~~-------
dt ' .l. --..... .......................... ~ ~- ............. ~ ~ --------~ -------
1. 
Figure 3.1 - Schematic of a section of a louvered array showing the transverse distance traveled 
by the flow, dt, and the ideal transverse distance traveled by the flow, dt '. 
I- 2.54cm-! 
.-----r-l 
A A 
7.62cm 
-111.27 r-
/ or 
0.06 cm 1.21 crn 
Section A-A 
(for two different fin pieces) 
/ 0.06cm 
-11 ~%' r- ~ c ~T 0.16crn 
Figure 3.2 - Schematic of the mold used to cast the convex-louvered fins with naphthalene. The 
1.27 cm wide fins are slid into the two 7.62 cm long cavities shown in Section A-A. After the 
naphthalene solidifies, each fin is slid out of the holder,·leaving a sharp 20· edge. 
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CHAPTER 4 - FLOW, HEAT TRANSFER, AND PRESSURE DROP 
BEHA VIOR IN LOUVERED-FIN ARRAYS UNDER SPANWISE 
PERIODIC CONDITIONS 
In this chapter, the relationships between the fluid dynamics and both pressure drop and row-
by-row heat transfer behavior in louvered-fin arrays under normal operating conditions are 
explained. Heat transfer and flow visualization results are presented for center columns of fins in 
the array where effects of the heat exchanger walls on the flow are negligible -- the flow is 
periodic in the spanwise direction. The array-averaged pressure drop results are for louvered-fin 
samples with enough columns of fins that wall effects are small. (Wall effects are discussed in 
Chapter 5.) The effects of vortex shedding on mass (heat) transfer are discussed. 
4.1 Flow Visualization 
Achaichia and Cowell (1989) and Webb and Trauger (1991), among other researchers noted 
in the literature review, have established that at very low Reynolds numbers flow through 
louvered-fin arrays can be characterized as "duct flow" whereas at higher Reynolds numbers it 
becomes louver-directed. These two flow regimes are illustrated in Fig. 1.1. The flow follows the 
path of least resistance -- the path which results in the lowest overall pressure drop. Total 
pressure drop is a result of two kinds of drag: friction drag and form drag. Two competing 
mechanisms are at work in the pressure drop behavior. First, Bodoia and Osterle (Shah and 
Bhatti, 1987) report that the pressure drop for developing flow in a flat duct (friction drag) 
decreases as the duct (and hence hydraulic) diameter increases. Moving downstream in a duct, as 
the boundary layers (and displacement thicknesses) grow, the core flow accelerates to maintain 
continuity. The favorable pressure gradient associated with this acceleration thins the boundary 
layers, increasing the shear stress. In narrow ducts, the flow must accelerate more (the boundary 
layers fill a larger percentage of the duct area), so the boundary layers thin more, and the increase 
in shear stress is larger. Thus, friction drag is lower for developing flow through the wide ducts 
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than for flow in the narrow louver gaps. Second, the form drag for flow over a flat plate aligned 
with the flow is less than the form drag for flow over an inclined plate. Therefore, form drag is 
lower for louver-directed flow (where the flow has a nearly 00 angle of attack to the fins) than for 
duct-directed flow (where the flow has a non-zero degree angle of attack to the fins). At low 
Reynolds numbers the first effect dominates, and the flow is largely duct-directed. However, as 
the Reynolds number increases, the friction drag through a narrow duct with a width equal to the 
louver gap (Mzouver) increases at a slower rate than the friction drag through a wide duct with a 
width equal to the fin pitch (M duct). Over the Reynolds number range in which the flow changes 
from being largely duct-directed to largely louver-directed, L1PZouver / L1Pduct oc: Re-D·3 according 
to the correlation of Bodoia and Osterle. (Note that L1Pzouver is always greater than L1P duct -- only 
the ratio decreases.) In addition, the form drag for flow over inclined plates is expected to 
increase at a faster rate than the form drag for flow over plates aligned with the flow in this low 
Reynolds number range. Thus, as the Reynolds number increases, the friction drag penalty for 
louver-directed flow compared to duct-directed flow decreases, and the form drag penalty for 
duct-directed flow increases disproportionately, and louver-directed flow becomes more 
favorable. (Pressure drop behavior is discussed more extensively in Section 4.2.) The flow shown 
in Fig. 4.1 at a Reynolds number of 70 is duct flow to a high degree. At higher Reynolds 
numbers, the path of least resistance follows the louvers. An example of louver-directed flow is 
shown in Fig. 4.2. (Note that all white horizontal and vertical lines in the flow visualization 
photographs are supports which do not extend into the flow and thus can be ignored.) 
Figure 4.3, which is a plot of flow efficiency versus Reynolds number for three different 
geometries, illustrates the extent to which the flow follows the louvers. Flow efficiency is 
defined as in Section 1.1. Completely louver-directed flow has a flow efficiency of "1" whereas 
completely duct-directed flow has a flow efficiency of "0". Bellows (1997) performed flow 
visualization for similar geometries and reported similar results. For example, both Fig. 4.3 and 
the results of Bellows show a maximum flow efficiency of 0.77 for the geometry with 8=28 0 and 
FplLp=1.09. Unfortunately, the velocity that Bellows used to calculate the Reynolds number is 
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unclear, and thus it is not possible to do a close comparison of Reynolds number effects. In Fig. 
4.3 we see that at low Reynolds numbers for all geometries, the flow is largely duct-directed. The 
flow follows the louvers to only a small degree, resulting in a low flow efficiency. At low 
Reynolds numbers, a small increase in Reynolds number results in a large increase in flow 
efficiency. However, above a certain Reynolds number (which varies with geometry), additional 
increases in Reynolds number result in small or no increases in flow efficiency. Figure 4.3 also 
shows that as the louver angle increases (from 18° to 28° for Fig. 4.3 and from 20° to 30° for 
Webb and Trauger, 1991) the flow becomes more louver-directed. Two mechanisms are at work 
here. First, as Fig. 4.4 shows in a somewhat exaggerated fashion, the duct diameter effectively 
decreases with an increase in louver angle. Thus, the friction drag for flow through the duct 
increases, and the path of least resistance passes through the louvers to a higher degree. Second, 
as the louver angle increases, there is a greater pressure drop penalty due to form drag associated 
with duct-directed flow, and the path of least resistance becomes more and more louver-directed. 
Flow through geometries with a larger louver angle becomes louver-directed at a lower 
Reynolds number. For the present case with FplLp=1.09, the flow efficiency for the geometry 
with 8=18° approximately doubles from Re=134 to Re=254. The flow efficiency for the 
geometry with 8=28° shows a similar increase but from Re=79 to Re=104. There are not enough 
data presented here to clearly show the effect of fin- to louver-pitch ratio, but Webb and Trauger 
(1991) show that as this ratio increases, the flow efficiency decreases. As the width of the duct 
increases, the pressure drop for flow passing through it decreases. Additional information on 
flow efficiency can be found in Achaichia and Cowell (1988a), Webb and Trauger (1991), and 
Bellows (1997). 
The flow visualization shown in Fig. 4.5 qualitatively illustrates the effect of Reynolds 
number on flow through these arrays. A comparison of Figs. 4.5a and 4.5b shows that as the 
Reynolds number increases, in this case from 260 to 670, the flow efficiency increases. 
Additional increases in Reynolds number, while not affecting the flow efficiency, cause the flow 
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to become unsteady. In Fig. 4.5c, where Re=1130, the flow in the downstream half of the array 
has become unsteady. 
Figure 4.6 gives the Reynolds number at which a given row of fins begins to shed vortices 
from their leading edges. At low Reynolds numbers the flow is steady and laminar. Then as the 
Reynolds number is increased, small-scale periodic transverse velocity fluctuations generated 
upstream propagate downstream, and fins downstream of the turnaround louver start to shed 
small vortices. Previous studies (Dejong and Jacobi, 1997; Mochizuki and Yagi, 1982) showed 
that the onset of vortex shedding in the offset-strip geometry, shown in Fig. 4.7, is very row-
dependent. In that geometry, like the louvered-fin geometry, the flow is steady and laminar at 
low Reynolds numbers. Then as the Reynolds number is increased, first fins in the farthest row 
downstream begin to shed vortices. As the Reynolds number is increased further, the onset of 
vortex shedding moves upstream. The vortices are clear and distinct, and it is fairly easy to 
determine the Reynolds number of onset. That is not the case for louvered fins. In these 
geometries, the flow became unsteady gradually. The vortices are smaller, and it is difficult to 
determine an exact Reynolds number at which a given row of fins begins to shed vortices. Thus, 
in Fig. 4.6, two Reynolds numbers are given for most rows -- the Reynolds number at which 
small, weak vortices begin to be shed, and the Reynolds number at which larger vortices are 
noted. The uncertainty of these values is roughly 11 %. This uncertainty is the root-mean square 
of the uncertainty of the Reynolds number (10%) and the 5% scatter in the data acquired for a 
given row. 
Why should the Reynolds number range between the onset of unsteady flow and vortex 
shedding be larger for the louvered-fin geometry than the offset-strip geometry? In the offset-
strip geometry, flow passes directly from one column of fins to the next. In the louvered-fin 
geometry, this is not the case. Examination of flow through the louvered-fin geometry, such as 
shown in Fig. 4.5b, reveals that a significant percentage of the flow path is spent in the wide duct 
between columns of fins. Dejong, 1996, and Xi, et al., 1991, showed that the flow through 
offset-strip fins becomes unsteady at a lower Reynolds number as the fin pitch decreases. Flow 
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through louvered-fin geometries is similar to flow through an offset-strip geometry in which 
there exists a large space between each row of offset-strip fins. With a larger streamwise distance 
between fins, small-scale periodic transverse velocity fluctuations generated by upstream fins 
may die out in the louvered-fin geometry before reaching downstream fins when they might not 
in the offset-strip geometry. Thus, there is a larger Reynolds number range between the onset of 
unsteadiness in fin wakes and the shedding of discrete vortices from fins. As the louver angle 
increases and the flow efficiency with it, the space the flow encounters between louvers 
decreases as well. This is one of the reasons why fins in the 8=28 ° geometry begin to shed 
vortices at a lower Reynolds number than fins in the 8=180 geometry. 
In Fig. 4.6 it can also be noted that downstream of the turnaround louver, the onset of vortex 
shedding is not strongly row-dependent. The flow at each of these Reynolds numbers is largely 
louver-directed. The flow does not pass straight through the array, and thus a given louver is not 
strongly affected by the louver immediately upstream. In the offset-strip geometry where fins are 
at a 0 0 angle of attack to the flow, a fin is directly downstream of the fin two rows upstream. 
Thus, unsteadiness generated by upstream fins is advected to fins immediately downstream. An 
analysis of the flow visualization such as that shown in Figs. 4.2 and 4.5c shows that louver-
directed flow does indeed resemble flow through offset-strip fins (except that for louver-directed 
flow the flow must travel through the "duct" before reaching the next fin). However, flow that 
passes by, for example, the sixth row of fins downstream of the turnaround louver, may have 
passed by the same number of upstream fins as flow that passes by the fourth row of fins 
downstream of the turnaround louver. Thus, the degree of flow unsteadiness, generated by 
upstream fins, is not highly dependent on fin location downstream of the turnaround louver. Fins 
in the first two rows of the array (upstream of the turnaround louver) were not noted to shed 
vortices from their leading edges in the Reynolds number range of operation. Fins were noted to 
shed vortices from their leading edges only when the flow upstream of them was wavy. The flow 
impinging on the first two rows was not in the wake of any upstream fins, and thus the flow was 
steady and laminar. However, fins in row 2 were noted to shed vortices from their trailing edges. 
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Figures 4.8-4.10 show these unsteady flow structures more closely. These photographs are 
for flow through a geometry with 9=28° and Fp/Lp=1.09, but similar flow structures were noted 
in each of the geometries tested. In Figs. 4.8a and 4.8b, the Reynolds number equals 650 and 
660, respectively. At these Reynolds numbers, spanwise (transverse) vortices are shed 
periodically from the leading edges of fins downstream of the turnaround louver. The flow 
upstream of the turnaround louver is steady and laminar except for small vortices being shed 
from row 7. In Fig. 4.8a, a vortex has rolled up and is about to be shed from the leading edge of 
the first row downstream of the turnaround louver. In Fig. 4.8b, the flow is unsteady and is 
characterized by small, thin vortices throughout the entire downstream half of the array. At 
Re=730, shown in Fig. 4.9, discrete vortices can be seen in the flow passing by rows 5-7. 
Downstream of the turnaround louver the flow is characterized by extensive mixing and appears 
turbulent. Figure 4.10a shows small discrete vortices being shed from the leading edge of row 3 
(upstream of the turnaround louver) at Re=920. By Re=990 (Fig. 4.lOb), flow downstream of 
row 2 shows a high degree of mixing. Figure 4.10 can be contrasted with Fig. 4.11 which shows 
steady flow past a louver in the same geometry at Re=270. Additional photographs are shown in 
Appendix E. 
4.2 Pressure Drop Results 
Overall pressure drop results are given in Figs. 4.12 and 4.13 in terms of the Euler number 
instead of the friction factor. The definition of friction factor includes the hydraulic diameter 
while the Euler number does not (see Eqs. 3.5 and 3.6). Thus, when the hydraulic diameter 
changes from geometry to geometry, as it does here, it can be difficult to make a meaningful 
comparison of pressure drop using the friction factor. Since each geometry tested had the same 
flow length, for this analysis it is easier to make clear comparisons using the Euler number rather 
than the friction factor. The Reynolds number is based on louver pitch which is the same for all 
geometries. 
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As discussed earlier, total pressure drop is a result of two kinds of drag: friction drag and 
form drag. Several competing mechanisms are at work in the pressure drop behavior. First, since 
the pressure drop for developing flow in a flat duct (friction drag) decreases as the duct diameter 
increases, friction drag for completely duct-directed flow decreases as FpfLp increases, and the 
friction drag for flow over the louvers -- in essence developing flow through a narrow duct -- is 
greater than the friction drag for flow through the wider duct. Second, the form drag for flow 
over a flat plate aligned with the flow is less than the form drag for flow over an inclined plate. 
For completely louver-directed flow, the louvers have a O· angle of incidence to the flow, and 
thus the form drag is lower than for duct-directed flow where louvers have an angle of incidence 
equal to the louver angle. 
Since the flow follows the path of least resistance, the pressure drop and flow efficiency are 
intimately related. Figure 4.12 shows that as FplLp decreases, the total pressure drop through the 
array increases. Friction drag for flow through the duct increases, and the flow begins to follow 
the louvers to a greater extent. Although friction drag is higher for flow through the louvers than 
for flow through the duct, as the flow becomes aligned with the louvers, the form drag decreases. 
The result is an overall increase in pressure drop for smaller values of FplLp. This behavior can 
be illustrated by looking at extremes. Say the friction drag for flow through the duct is 1, and the 
form drag is 1, giving a total pressure drop of 2. Say the friction drag for flow through the 
louvers is 2, and the form drag is 0.5, giving a total pressure drop of 2.5. In this case the flow 
will prefer to go through the duct. Now decrease the duct diameter, increasing the friction drag to 
1.75. Even though the friction drag through the duct is still less than the friction drag for flow 
through the louvers, the total pressure drop will be lower through the louvers, and the flow will 
turn to follow the louvers. Of course, under normal conditions the flow is rarely completely 
louver-directed or completely duct-directed. 
Similar mechanisms come into play with an increase in the louver angle. The gap between 
the louvers becomes larger (see Fig. 4.4), so the friction drag decreases for louver-directed flow. 
The duct width decreases, increasing the friction drag for flow through the duct. The increase in 
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louver angle causes an increase in the form drag for flow passing straight through the duct. 
Figure 4.13 shows that as the louver angle increases at constant FplLp, the total pressure drop 
increases. The flow visualization discussed earlier also shows that as the louver angle increases, 
the flow becomes louver-directed to a greater degree. While an increase in the louver angle will 
result in an increase in the pressure drop, an increase in FplLp can offset this effect, as the results 
for the geometry with 9=22° and FplLp =1.2 indicate. 
4.3 Mass Transfer Results 
Row-by-row mass transfer results are presented in Fig. 4.14 for three different arrays. Row 1, 
upstream of the turnaround louver, follows the inlet louver, and the exit louver follows row 7, 
downstream of the turnaround louver. 
Figure 4.14 shows that the mass (and hence heat) transfer coefficients are approximately 
constant throughout the array except near the turnaround louver. They are not strongly row-
dependent. As discussed in Section 3.2, thermal wakes are mostly recovered by the time the flow 
reaches the downstream fins. Therefore, downstream fin heat transfer is not discernibly affected 
by upstream fins. Note that a constant heat transfer coefficient does not necessarily correlate to 
constant heat transfer. As heat is transferred from the heat exchanger fluid to the air (or vice 
versa), llT, the temperature difference between the fluid and the air, will decrease. Since 
Q=hAllT, a decrease in llT will result in a decrease in total heat transfer even if h remains 
constant. 
As expected, the turnaround louver shows significantly lower mass transfer than the other 
fins. Note that the length scale used for the Sherwood number of the turnaround louver is the 
same as the length scale used for the other louvers (Lp=11.9 mm). The average boundary layer 
thickness on the turnaround louver is greater than the average thickness on the other louvers 
because the turnaround louver is three times as long. In addition, the data for the 9=18° geometry 
as well as the data for the 9=28° and 22° for Re<600 show a "recovery length" consisting of one 
to three rows of fins downstream of the turnaround louver, depending on the geometry and 
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Reynolds number. In this recovery length, the heat transfer coefficients increase from the heat 
transfer coefficients of the turnaround louver to the value of the rows upstream. At the 
downstream edge of the turnaround louver, the boundary layer is thick. This thick boundary 
layer, which passes between the turnaround louver and the adjacent louver downstream, 
effectively decreases the gap between the louvers. If the flow rate through this gap were the same 
as the flow rate through the other louver gaps, the friction drag would increase. As a result, the 
streamline shifts to pass through the duct to a greater degree, and the flow is no longer symmetric 
around the turnaround louver. The bending of the streamline can be seen in Fig. 4.15. Although it 
is not clearly evident from Fig. 4.15, the velocity between the louvers just downstream of the 
turnaround louver is lower than the velocity between the louvers elsewhere. Thus, the heat 
transfer coefficient is decreased (since heat transfer decreases with Re for a given geometry). 
Aoki et al. (1989) previously noted this recovery zone. However, they did not give any 
explanation for the decrease in heat transfer; now it is apparent that this effect is caused by a 
local decrease in velocity. 
The decrease in heat transfer following the turnaround louver is larger for small louver angles 
and low Reynolds numbers. At low Reynolds numbers the boundary layers are thicker, taking up 
a larger percentage of the gap between louvers than at higher Reynolds numbers. Thus, the 
streamlines bend more, and the velocity between the louvers shows a greater decrease. In the 
same way, the gap between louvers is smaller for lower louver angles, so the thicker boundary 
layers on the turnaround louver take up a larger percentage of the gap between louvers than for a 
similar geometry with a larger louver angle. For these geometries, a recovery zone was evident 
for cases in which the displacement thickness on the turnaround louver at the entrance to the gap 
between the turnaround louver and the next louver downstream was greater than approximately 
30% of the gap size (where 8* = 1. 83df / ~Redf and dfis the distance from the fin leading edge 
-- here 2Lp). This number is a rough estimate based only on results for three geometries. (Note 
that the actual displacement thickness will be somewhat smaller due to the pressure gradient. The 
definition given here for 8* is for zero pressure-gradient flow.) 
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Figure 4.16 shows the array-averaged mass transfer results for three different geometries. As 
expected, an increase in the louver angle increases mass transfer. An increase in the louver angle 
results in a longer flow path and a higher flow efficiency. With a larger flow efficiency, a larger 
percentage of this longer flow path is spent between the louvers rather than in the duct between 
columns of fins. The heat transfer coefficient for developing flow in a narrow duct is higher than 
that for a wider duct (See the results of Huang and Fan [Shah and Bhatti, 1987].). At the entrance 
to the duct, the boundary layers resemble boundary layers on flat plates. Moving downstream, 
the boundary layers (which are of low velocity) grow, and the fluid in the center of the duct must 
increase in velocity to preserve continuity. As discussed before, this acceleration, with its 
accompanying favorable pressure gradient, thins the boundary layers, and the heat transfer 
coefficient increases. In a narrower duct, boundary layers of a given thickness will take up a 
larger percentage of the flow area, and thus the center flow must increase in velocity to a higher 
degree -- the favorable gradient is larger. Thus, as flow passes through the narrow louver gaps, 
heat transfer coefficients will be higher than flow through the wider ducts. Here, increasing the 
louver angle by ten degrees increases mass transfer by approximately 25-35%. (However, the 
pressure drop increases by approximately 100%.) The earlier onset of unsteady flow for the 
geometry with 9=28° does not cause a discernible increase in mass transfer. The difference in 
Sherwood numbers between the 9=28° geometry and the 9=18° geometry is approximately 
constant throughout the Reynolds number range. The difference does not increase for those 
Reynolds numbers where the flow in the 9=28 ° geometry is unsteady whereas the flow in the 
9= 18 ° geometry is steady. While an increase in louver angle increases the mass-transfer 
coefficient, an increase in fin pitch decreases the mass-transfer coefficient. While not enough 
data are presented here to prove that effect, Chang and Wang (1997) show a mild dependence of 
FplLp on the Colburn j factor (-0.14 power). ·This behavior is similar to offset-strip fins. Several 
studies, including Dejong and Jacobi (1997), showed that an increase in the fin pitch decreases 
the heat-transfer coefficient for the offset-strip geometry. 
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A semi-analytical model of the louvered-fin geometry is presented in Appendix F. 
Comparisons of the current data to correlations in the literature can be found there. 
4.4 Effects of Vortex Shedding on Mass Transfer 
Previous studies of offset-strip fins showed a distinct increase in heat transfer when fins 
began to shed vortices from their leading edges (Dejong and Jacobi, 1997). The onset of vortices 
was clear and fairly abrupt, and as a fin began to shed vortices from its leading edge, its heat 
(mass) transfer increased significantly. In Fig. 4.17, the row of fins which shows an increase in 
mass transfer was the first row of fins to shed vortices. At Re=340 the flow was steady and 
laminar through the whole array, and the Sherwood number was constant through the whole 
array. By Re=700, the third or fourth row of fins (and all downstream fins) were shedding 
vortices, according to the flow visualization. Here we see an increase in mass transfer from row 
2, which was not shedding vortices, to rows 3 and especially 4. Flow visualization showed 
distinctly that for Re= 1 090 and Re= 1450, row 1 was not shedding vortices from its leading 
edges, but row 2 was shedding large span wise vortices. Figure 4.17 shows a corresponding 
significant increase in mass transfer from row 1 to row 2 for these Reynolds numbers. 
However, as discussed in section 4.1, the onset of vortex shedding in the louvered-fin 
geometry is much more gradual. Unsteadiness increases over a Reynolds number range, and the 
resulting vortices are small. Thus, it is difficult to determine the effect of vortex shedding on heat 
transfer in this geometry. For the geometry used in Fig. 4.14b -- the geometry that showed the 
strongest vortex shedding -- the rows downstream of the turnaround louver shed vortices at a 
Reynolds number of 610 while the rows upstream were not shedding vortices. At a Reynolds 
number of 710, many of the upstream rows were also shedding vortices. Therefore, if vortex 
shedding had a significant effect on heat transfer, the Sherwood numbers of the upstream rows 
should have increased significantly from a Reynolds number of 610 to 710. However, Fig. 4.14b 
shows the Sherwood numbers to be identical within the 5% uncertainty of the measurements. 
The mass transfer behavior appears much the same throughout the Reynolds number range even 
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though at low Reynolds numbers the flow was steady while at high Reynolds numbers it was 
definitely unsteady. The percentage difference between the array-averaged Sherwood numbers 
for the 9=18° and 9=28° geometries presented in Fig. 4.16 remains approximately constant 
throughout the Reynolds number range even though flow through the 9=28 ° geometry became 
unsteady at a much lower Reynolds number. If vortex shedding increased mass transfer 
significantly, this difference would have increased for the Re=610 and Re=990 cases when the 
flow in the 9=28° geometry exhibited periodic vortex shedding but the flow through the 9=18° 
geometry was steady and laminar. In addition, at Re=610 for the geometry used in Fig. 4.14b and 
Re=990 for Fig. 4.14c, the downstream fins were shedding vortices while most of the upstream 
fins were not. Yet the heat transfer for the downstream fins was the same as the heat transfer for 
the upstream fins. Therefore, it is concluded that vortex shedding has a small effect on mass 
(heat) transfer under these conditions. The louvered-fin vortices may be smaller than the offset-
strip vortices because the ratio Lg/t for these louvered-fin geometries is smaller than the ratio sIt 
for offset-strip fins. These smaller vortices may thin the boundary layers on a smaller percentage 
of the total area of the fins, resulting in a smaller increase in heat transfer. (Note that it is possible 
for an increase in circulation to offset the smaller size of the vortices.) The geometries tested here 
were on the high end of the normal range of 1fLp. An average heat exchanger which has a smaller 
value of tlLp may experience unsteady flow and periodic vortex shedding at even higher 
Reynolds numbers than for these geometries. 
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Flow direction ----.. ~~ (for all flow visualization presented) 
Figure 4.1 - Flow visualization showing the center columns of an array with 8=22 degrees and Fp!Lp=I.2. Here 
Re=70, and the flow is part way between duct flow and louver-directed flow. 
Figure 4.2 - Flow visualization for an array with 8=28 degrees and Fp!Lp=l.09. Here Re=400, and the flow is 
louver-directed. 
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Figure 4.3- Flow efficiency versus Reynolds number for three different arrays. 
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Figure 4.4 - Schematic showing how the duct width decreases and louver gap size increases 
when the louver angle increases. 
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Figure 4.5 - Flow through an array with 8=18 degrees and Fp/Lp=1.09 at (a) Re=260, (b) Re=670, and (c) Re=1130. 
1300 
1200 
1100 
1000 
900 
800 
700 
600 
500 
• 6=18 degrees, F fL =1.09 p p 
• 6=28 degrees, F fL =1.09 
..... + ....... + ........ ~ ........ + ........ + ........ 9..... p p 
iii iii • 6=22 degrees, F fL =1.2 
JttttILJ-l:,J' , 
: : : i : : ~ ~ i : ~ 6 ······j·······+·····+·····+·····+·······t·······+·····+······~······e······~······+····· 
Et!::Jlt-l-;~~fITl 
1 234 567 123 456 7 
upstream of 
turnaround louver 
row number 
downstream of 
turnaround louver 
Figure 4.6 - The Reynolds number at which a given row of fins in an array begins to shed 
vortices from their leading edges. Below that Reynolds number the flow is steady and laminar at 
that location within the array. The clear symbols indicate the Reynolds number at which very 
weak, small vortices are noted. The dark symbols indicate the Reynolds number at which larger 
vortices are shed. 
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Figure 4.7 - Cut-away schematic of an offset-strip array. 
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Figure 4.8 - At (a) Re=650 and (b) Re=660, small vortices are being shed from the last row upstream of the 
turnaround louver, and larger vortices are being shed downstream. Further upstream the flow is steady. For 
Figures 4.8 - 4.10,8=28 degrees and Fp/Lp=1.09. 
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Figure 4.9 - By Re=730, several rows of fins upstream of the turnaround louver are also shedding vortices. 
The flow downstream of the turnaround louver is characterized by extensive mixing. 
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Figure 4.10 -(a) At Re=920, vortices can be seen shedding from the 
third row of fins of the array (upstream of the turnaround louver). (b) 
By Re=990, the flow downstream of row 2 shows more mixing. 
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Figure 4.12 - Plot showing the effect of the fin- to louver-pitch ratio on pressure drop through a 
louvered-fin array. 
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Figure 4.13 - Plot showing the effect of louver angle on pressure drop. 
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(Fig. 4.14 cont. next page.) 
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Figure 4.14 - Sherwood numbers shown on a row-by-row basis for three different geometries 
over a Reynolds number range of 75-1400. Row 1, upstream of the turnaround louver, follows 
the inlet louver, and the exit louver follows row 7, downstream of the turnaround louver. 
(a) 8=18°, FpfLp=1.09, (b) 8=28°, FplLp=1.09, and (c) 8=22°, FpfLp=1.2. The lines shown are 
simple smooth curve fits of the data. 
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Figure 4.15 - Here at Re=260 for 8=18 degrees and F/Lp=1.09, the flow is not symmetric 
around the turnaround louver. 
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Figure 4.16 - Array-averaged Sherwood numbers plotted versus Reynolds number for three 
different arrays. 
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Figure 4.17 - Sherwood numbers in successive rows of an offset-strip array (see Dejong et aI., 
1998). Here row 1 is the inlet row and row 8 (not shown) is the exit row. Again, the lines shown 
are simple smooth curve fits of the data. 
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CHAPTER 5 - EFFECTS OF WALLS ON FLOW, HEAT TRANSFER, AND 
PRESSURE DROP IN LOUVERED-FIN ARRAYS 
Wall effects are an inevitable part of any louvered-fin array or heat exchanger. In this 
chapter, the flow, pressure drop, and heat (mass) transfer behavior near the array walls are 
compared to the behavior far from the walls where wall effects are minimal. Two main questions 
related to wall effects are studied. 1) How do wall effects impact flow, heat transfer, and pressure 
drop behavior, and 2) how far do these wall effects extend into the array? Answering these 
questions will allow an assessment of these effects on heat exchanger performance and will guide 
the development of future experiments. 
5.1 Flow Behavior Near Heat Exchanger Walls 
The flow behavior near the heat exchanger walls is significantly different from the flow 
behavior far from the walls where their effects are not felt. Several flow characteristics will be 
examined in depth. First, the flow near the walls is characterized by lower flow efficiency and 
deviations in the flow velocity. Second, the flow around the louvers near the walls exhibits large 
separation and recirculation zones under conditions where no separation or recirculation is 
present farther from the walls. Third, the flow becomes unsteady at a lower Reynolds number 
near the walls. Figure 5.1 illustrates the column-numbering convention used for all figures. 
5.1.1 Flow Efficiency and Velocity 
The flow efficiency near the array walls is significantly lower than the flow efficiency far 
from them. Figure 5.2 illustrates this effect. In Fig. S.2a, we see the streakline that enters the 
array between columns two and three. Here x (the number of columns spanned by a streakline) is 
approximately 1.4 columns. In Fig. 5.2b we can see that for a streakline entering the array 
between columns fourteen and fifteen, x is approximately 1.8. In the center of the array at this 
Reynolds number (290), x is 2.1. 
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These effects are illustrated in Figs. 5.3 and 5.4. In both figures, the flow efficiency for a 
given column is defined as that for flow entering the array between the given column and the 
column above it. Two closely related causes result in the lower flow efficiency near the bottom 
boundary - the first dealing with changes in velocity and the second with related changes in 
momentum. First, the streaklines entering the array near the wall remain near the wall since they 
cannot pass through it. Although both the u and v components of velocity are zero at the wall, 
just outside of the boundary layer the u component is large while the v component is still nearly 
zero. In the center of the array the v component is non-zero. The v component decreases from a 
constant value in the center (which depends on the x position within the array) to zero near the 
wall. However, near the bottom wall, the average magnitude of the flow velocity is higher than 
near the center of the array. In Fig. 5.5a, the area between the bottom wall and Point B is more 
than twice as large as the area between the wall and Point C. Thus, the average velocity between 
the streakline and the wall must increase from Point B to Point C to preserve continuity. In the 
center of the array, we see no such decrease in area or increase in velocity. Since the inlet profile 
was flat within approximately 10%, the velocity at Point C is therefore greater than the velocity 
at Point E. So while the v component of velocity decreases in the near-wall region, the magnitude 
of the velocity increases. Thus, the u component of velocity must be increasing. With a higher 
value of u and lower value of v, the flow passes a shorter distance in the y direction for a given 
distance in the x direction, and the flow efficiency decreases. 
Figures 5.6 and 5.7, which give the velocity magnitude of flow packets entering the array at a 
given point, further illustrate these velocity changes. These velocities are measured in the water 
tunnel. Each data point listed is an average of approximately five readings. Except for the lowest 
Reynolds number case for 8=18° (shown in Fig. 5.7a), each case shows that flow entering the 
array near the column closest to the bottom wall, column 1, has a lower velocity than the flow 
entering through the above columns. These flow particles become trapped in recirculation zones 
between the louvers of column 1, resulting in an increase in the amount of time for a given 
particle to pass through the array. These recirculation zones near the wall are illustrated in Fig. 
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5.8. They are discussed further in Section 5.1.2. For the lowest Reynolds number case for 8=18°, 
some of the flow became trapped in the recirculation zones, but some also quickly passed straight 
along the bottom wall, resulting in a velocity increase. (Note that the uncertainty in velocity for 
this first column is somewhat greater than the 10% uncertainty for the other locations in the 
array.) In Figs. 5.6 and 5.7, the columns following column 1 show a velocity maximum. This 
high velocity is a result of the effects mentioned earlier -- the flow area decreases, so the velocity 
must increase. Note that the magnitude of the increase is somewhat obscured in these figures 
since they represent the average velocity of a streakline through the array. (A small distortion of 
the inlet velocity profile most likely caused the mass flow rate near the bottom wall to be 
somewhat less than the mass flow rate in the center of the array. Although measurements showed 
a decrease in mass flow of three to eight percent for the 20% of the test section area nearest the 
bottom wall, these values are within the 10% uncertainty of the readings. The increases in 
velocity shown in Figs. 5.6 and 5.7 are outside the 10% uncertainty.) 
The second reason for the decrease in flow efficiency near the bottom wall can be understood 
by looking at the momentum equation. Figure 5.5b shows hypothetical streamlines for an array 
in which the flow efficiency does not decrease near the wall. At some point, a streamline must 
make contact with the wall (Streamline J). The x-component of the momentum equation for 
steady flow for this case is as follows: 
[5.1] 
cs 
(1) (2) (3) 
where Ae is the area of the entrance or exit of the control volume, Ap is the projected area of the 
surface, Ps is the pressure exerted on the control surface, As is the area of the control surface, and 
'tyx is the x-component of shear stress exerted on the control surface. Look at the control volume 
between Points 1 and 2 bounded on one side by Streamline J and on the other side by the wall. 
No net flow can pass through this area (since there is no outlet), and a recirculation zone forms as 
shown in Fig. 5.5b. Therefore, the right hand side of the momentum equation is zero. Here Ap,x is 
85 
equal to Ae. Since the pressure decreases from Position 1 to Position 2 due to the presence of the 
louver, Ps is everywhere less than P e. Thus, term (1) is always greater than term (2), and the sum 
of terms (1) and (2) is positive. Since both the wall and the fluid between Streamlines J and I 
exert a shear stress on the fluid in the positive x direction, term (3) is also positive. We are left 
with some positive value equal to zero. This situation cannot exist in equilibrium, so the original 
assumption -- that the flow efficiency does not decrease near the bottom wall -- must not be true. 
The decrease in flow efficiency near the top wall is smaller and extends through fewer 
columns than the decrease near the bottom wall (for most cases). Near the top wall, the average 
magnitude of the flow velocity is lower than near the center of the array. In Fig. 5.5, the area 
between the top wall and Point G is approximately twice as large as the area between the wall 
and Point F. Thus, the average velocity between the streakline and the wall must decrease from 
Point F to Point G to preserve continuity. In the area "A", shown in Fig. 5.2 and 5.5, the flow is 
nearly stagnant (or recirculating) since no fresh fluid can penetrate the top wall. Like the bottom 
wall, near the top wall the v component of velocity is zero. In the center of the array, the v 
component is non-zero. Viscous effects smooth the velocity gradients, and the magnitude of the v 
component increases further from the wall. However, near the upper wall the u component of 
velocity decreases as well as the v component, so the decrease in the v component of velocity 
cannot be directly linked to the decrease in flow efficiency. Momentum differences, on the other 
hand, do cause a decrease in flow efficiency. Look at the control volume in Fig. 5.5c between 
Points 3 and 4 bounded by Streamline K and the top wall. No net flow passes through this 
control volume, and thus the right-hand side ofEq. 5.1 must be zero. Term (1) ofEq. 5.1 is zero 
since Ae is zero for both the entrance and exit of the control volume. Term (2) is positive since 
the pressure decreases from Position 3 to Position 4 due to the presence of the louvers. The shear 
stress exerted on the fluid, 'tyx, is also positive, so term (3) is also positive. Thus, while the right-
hand side of Eq. 5.1 is zero, the left-hand side is positive. Therefore, the original assumption --
that the flow efficiency near the top wall does not decrease -- is not true. In reality, no streamline 
will touch the wall, and the flow efficiency will decrease near the top wall. 
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Figure 5.4 shows the effect of louver angle on the changes in flow efficiency near the wall. 
Near the bottom of the array, the flow path is limited by the bottom wall, and thus the flow 
efficiency is similarly low for both geometries. However, dt, the distance traveled by the flow in 
the transverse direction, is larger in the center of the array for larger louver angles. Looking at 
Figs. 5.5b and c, the streamlines are longer for larger louver angles, and thus As is larger. Term 
(3) in Eq. 5.1 should be greater -- or approximately the same -- with a larger louver angle. In 
addition, both the pressure drop per unit length and the projected area of Streamlines J and K are 
larger for larger louver angles. Thus, the sum of terms (1) and (2) in Eq. 5.1 is larger for a larger 
louver angle, and the total outside forces exerted on Streamlines J and K should be greater for 
larger louver angles. The fluid for this hypothetical case would accelerate more for the larger 
louver angle, and thus the streamline shifts to a greater degree. Figure 5.4 shows that the flow 
efficiency near the bottom wall decreases to a greater degree for the larger louver angle. Near the 
top wall, the flow efficiency does not decrease more for the larger louver angle, but dt does (The 
flow efficiency includes tanS, which obscures the results to a certain degree.). 
5.1.2 Flow Separation and Recirculation 
Far from the array walls, the flow turns and becomes louver-directed at all but the lowest 
Reynolds numbers. The flow past a louver resembles flow past a flat plate with an angle of 
incidence of almost 0°, as shown in Fig. 4.11. However, flow near the array walls has a much 
lower flow efficiency, as mentioned above. The flow angle of incidence to the louvers is 
therefore much higher. A large adverse pressure gradient exists on the downstream side of the 
fin, and the flow separates at the leading edge and forms a large recirculation bubble, as shown in 
Fig. 5.9 and the sketch in Fig. 5.10 (labeled "first recirculation zone). This zone was observed to 
be larger for higher louver angles (28° vs. 18° or 22°). The large recirculation zone circulates in a 
clockwise direction, resulting in a region of very high shear near the trailing edge of the fin 
where flow that passed through the "duct" between columns interacts with the separation bubble. 
The high shear results in the formation of a small secondary recirculation zone with 
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counterclockwise rotation in the wake just downstream of the end of the fin. At very low 
Reynolds numbers the flow passing the upstream side of the fin does not separate. However, near 
the leading edge of the fin at larger Reynolds numbers, the first separation zone (noted in the 
drawing, Fig. 5.10, and also evident in Fig. 5.9) occupies a large portion of the gap between the 
fins, so a very small space exists between the first recirculation zone and downstream louver at 
the leading edge of the fin. Near the trailing edge of the fin, the first separation zone occupies a 
much smaller area, so the space between the separation bubble and downstream fin is much 
larger. Thus, flow passing through this space decelerates as it passes between the louvers. At all 
but the lowest Reynolds numbers where the first separation zone is small, an adverse pressure 
gradient results, and a third large separation and recirculation zone with counterclockwise 
circulation is formed along the upstream side of each fin. 
5.1.3 Flow Unsteadiness 
Flow near the array walls makes the transition to unsteady flow at a lower Reynolds number 
than flow far from the wall. In Fig. 5.11 dye visualizes flow that enters the array between 
columns fourteen and fifteen (near the top wall) at a Reynolds number of 870. Here the flow is 
obviously unsteady even though flow far from the walls is steady and laminar at this Reynolds 
number. The large counter-rotating cells described in Section 5.1.2 have a destabilizing effect on 
the flow. At low Reynolds numbers, the counter-rotating cells are confined to the gap between 
adjacent louvers. However, as the Reynolds number increases -- and with it the amplitude of the 
flow oscillations -- the viscous forces are no longer strong enough to keep these cells confined to 
the louver gap. Vortices begin to be ejected into the flow. These vortices cause a rapid diffusion 
of momentum and energy; mixing is much stronger than in steady laminar flow. As the Reynolds 
number increases further, the flow takes on a turbulent appearance. The size of the counter-
rotating cells increases with louver angle, and thus the critical Reynolds number for the ejection 
of vortices decreases with the louver angle. (This flow behavior is somewhat similar to the 
behavior of flow in communicating channels, described by Amon, et aI., 1991.) For the geometry 
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with 8=28° and FplLp=1.09, flow near the bottom wall became unsteady at the end of the array 
by a Reynolds number of 280, and by Re=550 the entire downstream half showed significant 
mixing. By Re=410 flowr-ear the top wall was unsteady through the entire array. In contrast, in 
the center of the array the flow became unsteady at the downstream end at Re=540, by Re=600 
flow through the downstream half was unsteady, and by Re=780 the entire array except the first 
few rows showed unsteady flow. Similarly for the geometry with 8=18°, flow near the bottom 
wall became unsteady at the downstream end of the array by Re=460, and by Re=870 the entire 
downstream half showed significant mixing. By Re=580 flow near the top wall was unsteady 
through the entire array. In the center of the array the flow became unsteady at the downstream 
end by Re=1020 and the middle by Re=1100-1200. By Re=1300 flow through most of the array 
was unsteady. 
5.2 Number of Columns Necessary to Model Flow through a Louvered-Fin Array 
Results from two sources have been analyzed to determine the number of columns of fins 
necessary to accurately model flow through a louvered-fin array, Nc. Nc is the minimum number 
of columns necessary so that the flow in the center of the array is not affected by the walls 
anywhere in its flow path. The first method involves examining the plots of flow efficiency 
versus column number (Figs. 5.3 and 5.4). The flow efficiency is low near the walls and 
increases to an approximately constant value in the center of the array. In Fig. 5.4a-c, the flow 
efficiency remains at an approximately constant value for columns 5-10 for 8=28° and 4-9 or 10 
for 8=18° (FpfLp=1.09). The maximum value of x, the number of columns traversed by the flow, 
for 8=28° is 3.3 and for 8=18° is 1.9 (see Fig. 4.5). It is desirable to have a portion in the center 
of each array with a constant, maximum flow efficiency that is at least equal to the largest value 
of x for an array to ensure that walls are not affecting the flow at any point in the flow path. 
Thus, for 8=28°, the columns that must be present are columns 1-4 and 11-12 where wall effects 
are felt as well as four center columns where data can be taken, giving a minimum number of 
columns of ten. For 8=18°, the array must have, at the minimum, eight columns of fins. For the 
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8=22 0 and FpILp=1.2 case, eight fins must also be present. The number of fins necessary to 
model the flow will go down slightly with decreasing louver angle and increasing FpILp, i.e., as 
the flow efficiency decreases. The number of columns affected by the walls is twice as large for 
the bottom of the array (the low-numbered columns in Fig. 5.1) than for the top of the array for 
most cases. An example of the suggested locations of test fins for one small array is given in 
Fig. 5.12. 
The number of columns affected by the walls does not appear to be strongly dependent on 
geometry. For both the 8=28 0 and 8= 18 0 geometries, a maximum of six columns of fins were 
affected by the walls over the range of Reynolds numbers. Thus, a general formula can be 
developed to estimate the number of columns of fins necessary for a given model. Assuming a 
maximum flow efficiency of one, Nc is equal to dt'lFp (see Fig. 3.1), plus the number of columns 
affected by the walls. 
where 
Nwall = 6 0<30° and F;ip > 0.9 
Nwall = 8 
Nwall = 9 [5.2] 
Here Nt is the number of louvers from the inlet to the turnaround louver. This equation is 
sufficient for most cases. However, for unusual cases with a much larger Nt than normal 
combined with a large louver angle or very small fin- to louver-pitch ratio, an additional 
minimum boundary must be placed on Nwazz. 
LpNztanO 
N wall ~ --!;.---
Fp [5.3] 
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Since the values of Nwall are small compared to the number of columns of fins in a typical heat 
exchanger, the effects of walls on average heat transfer and pressure drop in a typical heat 
exchanger can be ignored. Only for very small heat exchangers where the total number of 
columns is less than lONwali will wall effects become important. 
An examination of the pressure drop through the array gives a somewhat more 
conservative estimate of the recommended number of columns to be used in a test. Figure 5.13 
shows the pressure drop through five different arrays. For each array, results are presented for 
different numbers of columns of fins. For example, Fig. 5.14 shows a schematic of a three-
column array. To create this array, walls were placed between every third column in a twelve-
column array. To create a ten-column array (since twelve is not evenly divisible by ten), two end 
columns were removed from the array, and a small contraction was placed in the wind tunnel 
upstream of the array. Figure 5.13 shows the effect of the separation zones discussed earlier on 
pressure drop. When few columns are present in the array, the flow separation and the 
recirculation zones result in very large friction factors. As columns are added, the walls affect a 
smaller percentage of the total number of columns in the array, so the friction factor decreases. In 
each of the graphs, there are little or no discernible differences between the friction factors for 
ten and twelve columns of fins (or for eleven and fifteen columns of fins for Fig. 5. 13c). This 
result indicates that once an array has ten to twelve columns of fins, enough columns of fins are 
present that wall effects are small. While the friction factor may still decrease with the addition 
of more columns, for ten or more columns of fins the rate of decrease is small. Note that the 
change in friction factor with number of columns is larger for larger louver angles and smaller 
fin- to louver-pitch ratios -- for cases where the flow efficiency is higher. A decrease in number 
of columns from twelve to six increases f by 40% for 8=18° and 100% for 8=28° 
(with FplLp=1.09). Similarly, with 8=23° decreasing FplLp from 1.7 to 1.4 increases 
fsix column/ftwelve columns from 122% to 136%. For most louvered-fin arrays, ten to twelve columns 
of fins is sufficient to model a much larger array, such as an actual heat exchanger. For very large 
louver angles (over approximately 35°), very small fin pitch-to-Iouver pitch ratios «0.8), or 
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many louvers between the inlet and turnaround louver (> 10), several more columns should be 
used to ensure that results are representative of a larger array. 
5.3 Flow and Mass Transfer in Three-Column Arrays 
In a three-column array, the walls have a significant effect on the flow. Thus, to examine the 
effect of walls on mass (heat) transfer, mass transfer data in the center of a three-column array is 
compared to mass transfer data in the middle of twelve- and fifteen-column arrays where wall 
effects are minimal. 
5.3.1 Flow in Three-Column Arrays 
Flow through three-column arrays has the same characteristics as flow near the walls of large 
arrays -- lower flow efficiency, large separation zones, and unsteady flow at lower Reynolds 
numbers than in the center of similar large arrays. These effects are illustrated in the flow 
visualization results shown in Figs. 5.15-5.19. 
Figures 5.15 and 5.16 illustrate this lower flow efficiency. While x is 1.7 at Re=670 for the 
center of the twelve-column array shown in Fig. 5.15a, in the three-column array shown in Fig. 
5.15b x is only 0.85. Figure 5.16 shows that for all three-column geometries, x reaches a 
maximum of about 1.0-1.1. Because a geometry with a larger louver angle has a longer optimum 
flow path (when the flow completely follows the louvers), these geometries experience a larger 
decrease in flow efficiency with a three-column geometry, as Fig. 5.16b shows. 
Figure 5.15 also shows the earlier onset of unsteady flow for the three-column array. Flow in 
the twelve-column array in Fig. 5.15a is steady, but at the same Reynolds number flow near the 
downstream end of the three-column array in Fig. 5.15b has become unsteady. As the Reynolds 
number is increased, this unsteadiness begins farther upstream in the array, as Fig. 5.15c shows. 
For the geometry with 8=18°, flow at the downstream end the three-column geometry has 
become unsteady by Re=490, and the entire array is unsteady by Re=745. In contrast, in the 
twel ve-column array, far from the walls, the flow at the downstream end has become unsteady by 
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Re=1020, and the whole array has become unsteady by Re=1300. Similarly, for the geometry 
with 8=28°, flow at the downstream end of the three-column geometry has become unsteady by 
Re=280, and by Re=610 flow through the whole array has become unsteady. For the center of 
the twelve-column array, these values are Re=540 and Re=780. 
Figure 5.17 shows separation zones along the downstream side of fins in two different 
geometries. A comparison of Fig. 5.17a and Fig. 5.9 shows that the separation zones in the three-
column geometry appear the same as the separation zones near the walls of the same geometry 
with more columns of fins. Like the separation zones near the walls of larger arrays, separation 
zones in the three-column geometries were noted to increase in size with louver angle. A 
comparison of the separation bubbles in Fig. 5.17a, where 8=28°, and Fig. 5.17b, where 8=22°, 
illustrates this effect. Although the exact size of the bubbles is difficult to ascertain from the 
photographs, the increase in separation bubble size with louver angle was consistently viewed 
over all Reynolds numbers and for all three geometries analyzed. 
Figures 5.18-20 show photographs of a related geometry. Here 8=25° and FplLp=1.0. The fins 
are approximately twice as thick as those in the other geometries. This array has six columns and 
eight rows of fins, but since no turnaround louver was present, the wall effects are similar to that 
in a three-column array with a turnaround louver. These photographs are presented for qualitative 
analysis only. 
In Fig. 5.18 we can clearly see the large separation zones discussed in Section 5.1.2. Figure 
5.18a shows flow around a louver in the first row of fins at Re=51O. Here the flow separates at 
the leading edge and reattaches at the trailing edge. Figure 5.18b, showing flow around a louver 
in the second row of fins, shows separation zones similar to those seen in the other geometries 
studied (Figs. 5.9, 10 and 17). Flow separates at the leading edge, forming a large recirculation 
zone. It does not reattach on the fin surface. A small secondary recirculation zone is present at 
the trailing edge, as shown in Figs. 5.9 and 5.10. A third separation and recirculation zone is 
present on the upstream side of the fin. This third zone is somewhat smaller than the first zone on 
the downstream side. 
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Figure 5.19 shows flow through the same geometry at a higher Reynolds number (820) where 
the flow has become unsteady. Figure 5.19a shows that the third recirculation zone along the 
upstream side of the fin has grown to become as large as the zone along the downstream side. 
Two counter-rotating cells are present between the louvers. The cell along the upstream side of 
the fin is a result not only of the increase in area which causes an adverse pressure gradient, as 
discussed in Section 5.1.2, but also of flow impinging on the trailing edge of the upstream side of 
the fin. Fluid is periodically entrained and ejected from the recirculation zones. Fluid is ejected in 
the form of vortices which are carried downstream. Some of these vortices impinge near the 
trailing edge of the upstream side of fins, adding to the recirculation zones. Vortices being 
carried downstream can be seen more clearly in Fig. 5.19b. Vortices are periodically shed from 
both sides of the leading edges of fins. 
By Re=1590, shown in Fig. 5.20, the flow has become more unsteady. Note the small vortex 
being shed along the upstream side of the leading edge of the louver in Fig. 5.20a. A discrete 
vortex that was shed from the downstream side of the leading edge of the fin can be seen in Fig. 
5.20b. In each of these figures (5.18-5.20), it can be seen clearly that the flow is not following 
the louvers but is instead passing almost straight through the array. The flow efficiency is very 
low. 
5.3.2 Mass Transfer in Three-Column Arrays 
Mass transfer results are presented in Fig. 5.21 on a row-by-row basis through the array. 
Results for three-column arrays, for which the walls have a significant effect (similar to Fig. 
5.14), are compared to the results for the center columns of twelve- and fifteen-column arrays 
where wall effects are minimal. Mass transfer data for three different geometries are shown. 
At low Reynolds numbers, the Sherwood numbers for the three-column arrays are lower than 
those for the larger arrays. At low Reynolds numbers, flow through the louvers in the three-
column arrays is characterized by large separation zones where mass transfer is low. The flow 
velocity in these zones is low, and the concentration of naphthalene is higher -- similar to an 
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increase in temperature (or decrease, depending on the direction of heat flow) in an actual heat 
exchanger. Fluid particles become trapped in the recirculation bubbles, and fresh fluid does not 
continually pass a given fin as when no separation zones are present. 
At high Reynolds numbers, the Sherwood numbers for the three-column arrays are higher 
than those for the larger arrays. At high Reynolds numbers, fins in the three-column array shed 
large vortices, as discussed earlier. These vortices impinge upon downstream fins, thinning their 
boundary layers and thus increasing mass transfer. The flow at high Reynolds numbers shows a 
significant degree of mixing. 
Unlike the twelve-column arrays, the three-column arrays do not show a significant decrease 
in mass transfer on the turnaround louvers except for high Reynolds numbers (980-1380). As the 
sketch in Fig. 5.22 shows, the separation zones between the louvers are smaller on the turnaround 
louver. The concave side shows no separation zones, and the upstream and downstream thirds of 
the convex side show only small separation zones. The upstream third of the concave side has no 
separation zone because the acceleration associated with the turning of the flow results in a 
positive pressure gradient. Along the downstream third of the concave side, no separation zone is 
present because there is no flow expansion caused by an upstream separation zone. 
At high Reynolds numbers, the turnaround louver does show a decrease in heat transfer. At 
high Reynolds numbers, the flow through the array is characterized by highly unsteady flow. The 
large separation zones between louvers become unsteady and frequently eject vortices. However, 
the turnaround louver has only small separation zones to become unsteady. It sheds smaller 
vortices, and these vortices are shed at a higher Reynolds number. Although some vortices shed 
from upstream louvers do impinge on the turnaround louver, the vortices shed by the turnaround 
louver are small (in the Reynolds number range of application), and thus the turnaround louver 
has a stabilizing effect. 
The three-column results also show a large increase in Sherwood number following the first 
row for Re=990-1380. In this Reynolds number range the mass transfer is increased by vigorous 
vortex shedding -- the vortices are much larger and the mixing much more extensive than in the 
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center of a twelve-column array. This vortex shedding increases the mass transfer as it does in 
the offset-strip geometry (see Section 4.4). However, the first row of fins was never noted to 
shed vortices. The flow passing the leading edge of the first row of fins is steady and laminar. 
Thus, while the first row of fins shows large separation zones like the rest of the array, the fins 
do not shed vortices from their leading edges. The boundary layers are not thinned, and thus their 
mass transfer is lower than that from the following louvers. 
Figure 5.23 shows the mass transfer coefficients averaged through all the rows of the array. 
In the three-column arrays, two conflicting mechanisms are at work. Large separation zones 
decrease mass transfer, but highly unsteady flow increases mass transfer compared to the twelve-
column arrays. At low Reynolds numbers where the flow is steady, the separation zone effect 
dominates, and the average mass transfer is lower for the three-column arrays. At high Reynolds 
numbers the unsteady flow effect dominates, and mass transfer is higher for the three-column 
arrays. Since the flow becomes unsteady at a lower Reynolds number for larger louver angles, 
the mass transfer from the three-column array surpasses that from the twelve-column array at a 
lower Reynolds number as well. This Reynolds number can be noted on Fig. 5.23 where the 
straight-line curve fits of the data cross. 
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Figure 5.1 - Schematic of a fifteen-column louvered-fin array where each column is numbered. 
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Figure 5.2 - Flow near (a) the bottom wall and (b) the top wall of a fifteen-column array with 8=22 degrees 
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Figure 5.4 - The effect of wall proximity on flow efficiency for geometries with different louver 
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Figure 5.7 - Effect of column number on velocity within arrays with different louver angles at 
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Figure 5.8 - Flow entering the array between columns 1 and 2 at Re=170. Here 8=28 degrees and 
F/Lp=l.09 . 
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Figure 5.9 - Flow passing a louver in column 2, row 3 (upstream of the turnaround louver) of an array 
with 8=28 degrees and F/Lp=l.09 at Re=600. 
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Figure 5.10 - Sketch showing the three recirculation zones between louvers near the wall. 
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Figure 5.11 - Flow entering a 15-column array between columns 14 and 15 showing unsteady flow 
near the walL Here 8=22 degrees, F/Lp=1.2, and Re=870. At this Reynolds number, flow in the 
center of the array is steady. 
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Figure 5.13 - Friction factors for varying numbers of columns of fins in different arrays. 
a) sample 1 (9=18°, FplLp=1.09). b) sample 2 (9=28°, Fp/Lp=1.09). c) sample 3 (9=22°, 
FplLp=1.2). d) sample 4 (9=23°, FplLp=1.07). e) sample 5 (9=23°, FpILp=1.4). 
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Figure 5.14 - A three-column louvered-fin array. All dimensions are the same as for the fifteen-
column array except a wall is located after every third column. 
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Figure 5.16 - (a) Number of columns spanned by a given flow particle, x, versus Reynolds 
number for three different arrays. The solid symbols represent three-column arrays, and the open 
symbols represent twelve-column arrays. (b) Flow efficiency versus Reynolds number for three 
different arrays showing lower flow efficiency when wall effects are present. Again, the solid 
symbols represent a three-column array and the open symbols represent a fifteen-column array. 
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Figure 5.17 - Flow in the center of a 3-column array, upstream of the turnaround louver, with Re=280. 
(a) 8=28 degrees and Fp/Lp=l.09. (b) 8=22 degrees and Fp/Lp=1.2. 
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Figure 5.18 - Flow surrounding a louver in (a) row 1 and (b) row 2 of an eight..;row array at Re=51O. Here 
0=25 degrees and FplLv= 1.0. Six columns of fins are present in this array, but there is no turnaround louver. 
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Figure 5.19 - Flow around individual louvers at Re=820. (a) rows 3-5, 
(b) rows 2-4, and (c) rows 3-8. 
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Figure 5.20 - Flow between individual louvers at Re=1590.(a) rows 3-5, and (b)rows 2-4. 
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o Re=75, 12 columns 
-- -e- -- Re=93, 3 columns 
o Re=600,12 columns 
-- -.- -- Re=590, 3 columns 
---fr-- Re=1400, 12 columns 
- - -J;.- - - Re=1360, 3 columns 
o Re=270, 12 columns 
- - -e- - - Re=270, 3 columns 
o Re=990, 12 columns 
- - -.- -- Re=990, 3 columns 
(Figure 5.21 cont. next page.) 
I~ 
I~ 
45 
40 
35 
30 
25 
20 
15 
10 
5 
60 
50 
40 
... ,~.~ ... : ....... L~J~.~.~.~.~.t ..... l ........ l·······i·~r .. ~ .. ~) ....... .J.. ..... .1 ... , 
': :.. . f::,,: b, -: f::, .- •• --
I ;::. :,: .... :: , 
..... L ....... L.····.·i .... ····~·· .. ···.~········j .. ····.l~.~~ , ....... ~ ....... ~ ........ : ........ ~ ........ ; .... . 
: : : : : : : : : : : : : 
: : i ¢ : iii ~ . : 
······:·········;·······T····· i ~·~··r~ ~ .• (~t~l···~··:·········:··· ··r····· i : 
:.:~ .. ;.~._.< .. ~~.~.t ....................... + ...... i ....... t.: .. 1~ .. ~* .. ~.:r.:.~t~.~ 
·····+········f········j········+········f········;··· ..... ¢ ....... : ....... + ....... + ....... + ....... j-....... + .... . 
1 ~ j 1: ~ j ~ j ~ j 1 ~ 
. .. . 6 : : : : : : : 
;~-:t:~r·l-r1;:~-::i-;,~;;-:i-~~-t;-
: : : : : : : : : : : : : 
1 2 3 4 5 6 
upstream of 
turnaround louver 
7 turn- 1 
around 
row 
234 5 6 7 
downstream of 
turnaround louver 
30 .... . : 
,·····_·······r·····T·····r······,···· 
20 : : : : . :·~·;··~·~··~·~·I~·~;·~··~~·~ . 
10 
: :: : 
1 2 3 4 5 6 
upstream of 
turnaround louver 
7 turn- 1 
around 
row 
2 3 4 5 6 7 
downstream of 
turnaround louver 
(b) 
118 
o Re=88, 12 columns 
.. -e- _. Re=99, columns 
o Re=61O, 12 columns 
- - -+- - - Re=560, 3 columns 
--t:s-- Re=990, 12 columns 
- - -~- _. Re=980, 3 columns 
o Re=270, 12 columns 
- - -e- _. Re=280, 3 columns 
o Re=710, 12 columns 
-- -+- -- Re=750, 3 columns 
--t:s-- Re=1380, 12 columns 
- - -~- - - Re=1340, 3 columns 
(Figure 5.21 cont. next page.) 
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e Re=97, 15 columns 
- - -e- - - Re=97, 3 columns 
o Re=600, 15 columns 
-- -+- -- Re=620, 3 columns 
--tr- Re=1380, 15 columns 
- - -.&- - - Re=1380, 3 columns 
e Re=270, 15 columns 
-- -e- -- Re=270, 3 columns 
0 Re=990, 15 columns 
-- -+- -- Re=990, 3 columns 
Figure 5.21 - Sherwood numbers shown on a row-by-row basis for three different geometries 
over a Reynolds number range of 75-1400. Results for three-column geometries and twelve-
column geometries are compared. Row 1, upstream of the turnaround louver, follows the inlet 
louver, and the exit louver follows row 7, downstream of the turnaround louver. (a) 8=18°, 
FplLp=1.09, (b) 8=28°, FplLp=1.09, and (c) 8=22°, FplLp=1.2. The lines are smooth curve fits of 
tlie data. 
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Figure 5.22 - Sketch showing the flow around the tumaJOUDd louver at a low Reynolds number 
in a three-column may. 
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Figure 5.23 - Array-averaged Sherwood numbers comparing mass transfer near the heat 
exchanger walls (three columns of fins) and far from them (twelve or fifteen columns of fins). 
(a) FplLp=l.09, and (b) 8=22° and FplLp=1.2. 
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CHAPTER 6 - LOCAL FLOW AND HEAT TRANSFER BEHAVIOR IN 
CONVEX-LOUVERED FIN ARRAYS 
In this chapter, pressure drop results and local and surface-averaged mass (heat) transfer 
results are presented for both the convex-louvered array (Fig. 2.5b) and a similar offset-strip 
array (Fig. 2.5c). A comparison of the results, in conjunction with flow visualization used to 
explain mass transfer behavior, allows the causes of the increased heat transfer and pressure drop 
in the convex-louvered geometry to be understood. 
Core pressure drop and surface-average mass transfer results for the offset-strip geometry are 
shown in Fig. 6.1 along with the correlations of Joshi and Webb (1987) and Wieting (1975). The 
correlations have been plotted using the geometrical parameters and the definitions of hydraulic 
diameter and minimum free-flow area given earlier (Section 3.2 and Eq. 3.7). The data of Hatada 
and Senshu (1987) for their closest corresponding geometry are included as well. Their data have 
also been rescaled using the definition of hydraulic diameter given here. The many length scales 
involved and the difference in geometries makes a meaningful comparison difficult. Nonetheless, 
the agreement between the data and correlations in Fig. 6.1 serves to validate the current data. 
Figure 6.2 shows Colburn j factors and friction factors for the convex geometry along with 
friction factors for the offset-strip geometry. The j factors of Hatada and Sen shu show good 
agreement with the current results. The friction factors of the present work are somewhat higher 
than those of Hatada and Senshu, but that is to be expected. The data of Hatada and Senshu are 
for a complete heat exchanger, including tubes and flat fin areas. The data given here are for an 
array of convex louvers, and the array is somewhat more dense than the arrays of Hatada and 
Senshu. The comparison is included only to corroborate the new data. Figure 6.2 shows that at 
low Reynolds numbers-below approximately 600-the jversus Re data for the convex and 
offset-strip fins are much closer than at higher Reynolds numbers. Likewise, Fig. 6.3 shows that 
for Re below about 800, the average Sherwood (Nusselt) numbers for the convex louver are very 
similar to those of the offset strip. However, at higher Re, the increased form drag causes the 
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friction factor for the convex louver to be dramatically higher than that for the offset-strip fin 
(Fig. 6.2), and a large heat transfer enhancement is observed (Fig. 6.3). For Re from 1500 to 
3500, the convex-louvered! is 130% higher than for the offset strip, and Sh is 40% higher (Note 
that pumping power is an inverse function of A/, and the smaller Ac of the convex louvers would 
result in increased pumping power.). As noted by Webb and Gupte (1990), convex fins in this 
geometry incur a severe pressure drop penalty at high Reynolds numbers. 
In addition to spatially averaged Sherwood numbers for the entire fin, the Sherwood numbers 
* * for the upstream half (0 < x < 0.5) and leeward half (0.5 < x < 1) of the convex louver are 
shown separately in Fig. 6.3. The data demonstrate that for low Reynolds numbers (Re<1800) the 
upstream half of the convex fin transfers more mass (heat) than the leeward half -- up to 70% 
more at the lowest Reynolds number given here. At higher Reynolds numbers (>2800) the 
leeward half transfer more mass -- up to 10% at the highest Reynolds number shown. At low 
Reynolds numbers the flow is characterized by boundary-layer restarting and steady recirculation 
in confined regions. At higher Reynolds numbers, the flow becomes unsteady, and spanwise 
vortices are shed. In order to gain a better understanding of the flow behavior and its relation to 
heat transfer, the flow visualization results must be considered and contrasted with detailed, 
spatially resolved Sh data. In this way the Sherwood number behavior shown in Fig. 6.3 can be 
explained. 
The important flow structures in this geometry are evident in the photographs shown in 
Fig. 6.4. At a Reynolds number of 481, the flow shown in Fig. 6.4a is steady, and the streaklines 
represent streamlines. A geometric separation occurs at the leading edge of the fin, and a shear 
layer extends from the leading to the trailing edge, trapping a steady recirculation zone in the 
cavity formed on the concave side of the fin. Although somewhat difficult to see in Fig. 6.4a, 
careful observation showed that for Re=481 a geometric separation also occurs on the convex 
* side of the fin at x =0.5 (the apex of the fin); the flow appears to reattach near the trailing edge of 
the convex side of the fin, trapping a very small steady recirculation zone on the convex side of 
the leeward portion of the louver (Note that in first row of the array, as shown in Fig. 6.4a, 
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reattachment at the trailing edge is not seen.). These two recirculation zones became more 
evident when the dye stream was suddenly halted. Dye remained "trapped" in the two 
recirculation zones long after the rest of the dye exited the array. In Fig. 6.4a, flow in the concave 
separation zone circulates in a clockwise direction, and flow in the convex separation zone 
circulates slowly in a counterclockwise direction. At the lower Reynolds number of 238 (not 
shown in the figure), a separated region on the convex side of the fin was not observed. The 
convex-side recirculation zone may be more clearly seen in Fig. 6.4b; at this Reynolds number of 
882 the flow remains steady, and the recirculation zones are larger. 
At higher Reynolds numbers, as shown in Fig. 6.4c, a third recirculation zone has formed 
near the trailing edge of the fin. This flow structure may form at the trailing edge due to 
interaction between the convex-side recirculation zone and the flow passing along the concave 
side of the fin. Because the convex-side separated region circulates counterclockwise, a region of 
very high shear results near the trailing edge of the fin, where flow that passed along the concave 
side of the louver interacts with this separation bubble. At a sufficiently high Reynolds number, 
a tertiary recirculation zone with a clockwise rotation forms due to this shear stress. It may be 
reasonable to view this recirculation pattern as the division of the convex-side recirculation zone 
into two counter-rotating cells. The Reynolds number at which this flow pattern is established 
remains somewhat unclear; it was observed at Re= 1563 but not at Re=882. Its formation may be 
linked to the size of the convex-side recirculation zone, which at a Reynolds number of 1563 is 
more than two fin thicknesses wide, as demonstrated in the steady-flow results shown in Fig. 
6.4c. 
The flow was observed to become unsteady near the array exit for Reynolds numbers 
around 1900. In a fashion similar to that manifested in the offset-strip geometry (see Dejong and 
Jacobi, 1997), unsteadiness was observed nearer the entrance to the array as the Reynolds 
number increased; i.e., flow unsteadiness begins at downstream locations and moves upstream as 
the Reynolds number increases. Flow unsteadiness first appears in the free shear layer on the 
concave side of the fin. This shear layer becomes wavy, and eventually roller vortices form. 
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These vortices are carried downstream to impinge on the concave fin surface near the trailing 
edge of the fin. At a sufficiently high Reynolds number, such as for the Re=2967 case shown in 
Fig. 6.4d, shear layer instability on the concave side of the fin results in periodic entrainment and 
ejection of fluid from the recirculation zone (as described by Pauley and Hodgson, 1994). The 
trailing-edge recirculation zone is much larger at these high Reynolds numbers, and it also 
exhibits unsteadiness in location and size. 
The flow features described above have a profound effect on convective mass transfer in 
the convex-louvered geometry. Local convective data are shown for two Reynolds numbers in 
Fig. 6.5, where Sh is plotted as a function of location on the fin, x *, for the concave and convex 
sides of the fin. As shown in Fig. 6.5a, for a Reynolds number of 488, the convection coefficient 
is high near the leading edge of the convex side of the fin and is smaller for downstream 
* locations on the upstream half of the fin. This behavior, from x =0 to 0.5 on the convex side of 
the fin, is consistent with boundary-layer growth. On the leeward half on the convex side, the 
convection coefficient is highest near the trailing edge (x*=l) and decreases as the flow passes 
backward up the surface due to the counterclockwise circulation associated with the convex-side 
separation zone. Mass transfer is low on the leeward half due to the low fluid velocity in the 
small separation zone. On the convex side of the fin, mass transfer is lowest near x * =0.5, where 
the geometric flow separation occurs. Likewise on the concave side, mass transfer is lowest near 
* the separation point at x =0 on the concave side of the fin. Mass transfer is higher near the 
trailing edge of the concave side, where the surface-normal velocities associated with the 
clockwise recirculation zone thin the boundary layer. Surface-normal flow is also responsible for 
Sh at x * =0.45 being larger than Sh at x * =0.55 on the concave side of the fin, as demonstrated in 
Fig.6.5a. 
At higher Reynolds numbers, as shown in Fig. 6.5b, the leeward portion of the concave 
side exhibits very high heat transfer. This behavior is due to unsteadiness in the free shear layer 
originating at the leading-edge separation point. Eventually, roller vortices form in this shear 
layer and are advected downstream. These vortices impinge near the trailing edge of the fin, 
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profoundly increasing heat transfer. Such behavior is not observed on an offset-strip fin at the 
same Reynolds number, as may be seen in the data provided in Fig. 6.Sb. Although the offset-
strip fin data shown in Fig. 6.Sb show a simple decrease in local convection coefficient due to 
boundary-layer growth as the flow passes along the straight surface of the fin, it should be noted 
that even offset-strip fins can exhibit complex local heat transfer behavior (see Dejong and 
Jacobi, 1997). Mass transfer is higher along the upstream half of the convex side of the convex 
louver than along the upstream half of the offset-strip fin because of the higher flow velocity 
(due to the smaller cross-sectional area) and because the pressure gradient associated with the 
flow acceleration thins the boundary layer. For the convex louver, a significant increase in 
convection coefficient is also observed at the trailing edge, on the convex side of the fin. This 
enhancement is due to a combination of boundary-layer growth in the convex-side recirculation 
zone and the large surface-normal velocities and unsteadiness associated with the trailing-edge 
recirculation zone. Flow unsteadiness substantially increases heat transfer on the leeward half of 
the convex and concave sides of the fin. The net result is that as the flow becomes unsteady, heat 
transfer on the leeward half of the fin is larger than on the upstream half. Recall that flow 
unsteadiness is first evident in the array at Reynolds numbers around 1900. This Reynolds 
number is approximately that at which the heat transfer for the leeward half of the fin becomes 
equal to or greater than the heat transfer for the upstream half of the fin, as shown in Fig. 6.3. 
The local data and flow visualization results clearly explain the surface-averaged data. 
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Figure 6.1 - Fanning friction factors and Colburn j factors for the offset-strip geometry along 
with correlations of Joshi and Webb (1987) and Wieting (1975) for the laminar and turbulent 
regimes. The correlations and data of Hatada and Sen shu (1987) have been rescaled to use the 
definition of hydraulic diameter given here. The data of Hatada and Senshu are for a somewhat 
different geometry and are shown for qualitative comparison purposes only. 
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Figure 6.2 - Fanning friction factors and Colburn j factors for the convex-louvered array along 
with friction factors for the offset-strip array. Data of Hatada and Senshu (1987) are for a 
complete heat exchanger with similar convex-louvered dimensions and have been rescaled to use 
the definition of hydraulic diameter given here. 
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Figure 6.3 - Sherwood numbers for convex louvers averaged over the entire louver, from x*=O to 
x*=1 (e); spatially averaged over the upstream half of the louver, from X*=O to x*=O.5 (0); and 
spatially averaged over the leeward half, from x*=O.5 to x*=1 (0). Sherwood numbers for the 
offset-strip fins are spatially averaged over the entire louver (x). In all the data shown, both the 
convex and concave sides of the fin are considered. 
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(figure continued on next page) 
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Figure 6.4 - These photographs from flow visualization show dye-in-water results for flow 
through the convex-louver array. The array is viewed from above, corresponding to the 
arrangement shown schematically in Fig. 2.5b. The flow direction is from the bottom to 
the top of the page. (a) Redh=481, (b) Redh=882, (c) Redh=1563, (d) Redh=2967. 
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(figure continued from previous page) 
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Figure 6.4 - These photographs from flow visualization show dye-in-water results for flow 
through the convex-louver array. The array is viewed from above, corresponding to the 
arrangement shown schematically in Fig. 2.Sb. The flow direction is from the bottom to 
the top of the page. (a) Redh=481, (b) Redh=882, (c) Redh=1563, (d) Redh=2967. 
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Figure 6.5 - Local mass transfer measurements over the entire surface of the convex louver. 
These data were obtained in the seventh and eighth rows of the array (as in Fig. 6.3). (a) Results 
for a Reynolds number of 488. (b) Results for a Reynolds number of 2990, shown with offset-
strip fin results. The sketch to the right of each plot shows the main features of the flow for that 
Reynolds number. 
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CHAPTER 7 - CONCLUSIONS 
7.1 Summary of Results 
Flow visualization, mass transfer, and pressure drop data were presented for several 
louvered-fin geometries and one convex-louvered geometry. For the louvered-fin arrays, mass 
transfer data were presented on a row-by-row basis while for the convex geometry, fin-averaged 
data were presented as well as local mass transfer data along the fins. The flow through each 
array proved to be very complex, as the summaries presented below will bear out. 
7.1.1 Louvered Fins 
Louvered-fin heat exchangers are used widely in industry, and thus there has been a large 
amount of work performed in this area. A majority of this work is focused on the development of 
correlations and simple models as well as flow visualization. Several areas have been neglected. 
First, there have been no conclusive studies of the effect of vortex shedding on heat transfer and 
pressure drop in this geometry, even though vortex shedding has been shown to increase heat 
transfer in the similar offset-strip geometry. Second, work related to wall effects is limited to 
very short, qualitative discussions provided by Bellows (1997) in a report and by Beamer et ai., 
(1998). The effects of walls on heat transfer and pressure drop behavior in heat exchangers and 
the extent to which these effects penetrate the array have not been addressed in the open 
literature. In order to determine the effects of vortex shedding and walls, it is necessary to first 
have a good understanding of the flow and heat transfer in the steady laminar regime under 
spanwise periodic conditions -- where the walls have no effect on the flow and heat transfer. 
There have been few reports of row-by-row heat .transfer behavior in louvered arrays. Aoki et ai. 
(1989) have performed the most complete work on this topic, but they do not explain all of their 
observations, and they cover a smaller Reynolds number range (Re~50). The combination of 
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flow visualization, heat transfer, and pressure drop studies presented here provides explanations 
for these behaviors. 
7.1.1a Flow, Heat Transfer, and Pressure Drop Behavior in Louvered-Fin Arrays under 
Spanwise Periodic Conditions 
The goal of Chapter 4 was to develop a better understanding of flow, heat transfer, and 
pressure drop behavior in louvered-fin arrays under spanwise periodic conditions (far from heat 
exchanger walls), with special emphasis on the role of vortex shedding. 
Several researchers have established that at very low Reynolds numbers flow passes through 
the ducts between columns of fins, and as the Reynolds number increases the flow efficiency 
increases to some maximum value -- the flow becomes louver-directed. Flow efficiency 
increases with louver angle and decreases with fin pitch-to-Iouver pitch ratio. The flow follows 
the path of least resistance. Two competing effects are at work. First, flow through the duct has a 
non-zero degree angle of attack to the louvers and thus has higher form drag than flow through 
the louvers where the angle of attack approaches zero degrees. Second, friction drag is lower for 
developing flow in a wide duct than it is for developing flow through a narrow duct, such as the 
small passageway between louvers. As the louver angle increases, the louver gap increases in 
size and the duct diameter decreases. As FplLp decreases, the duct diameter decreases as well. 
Above a critical Reynolds number, the flow becomes unsteady. First, fin wakes become 
unsteady, and as the Reynolds number is increased further, small-scale span wise vortices begin 
to be shed from the leading edges of fins. The vortices are smaller and result in less mixing than 
in the similar offset-strip geometry. While vortices cause a marked increase in heat transfer in the 
offset-strip geometry, the increase in heat transfer in the louvered geometry is less than 5% (the 
uncertainty of the experimental methods employed here). There is also no noticeable effect on 
pressure drop. In the louvered geometry, a fin is not positioned in the wake region of the fin 
directly upstream, and thus downstream of the turnaround louver the Reynolds number at which 
the fins begin to shed vortices is not strongly dependent on location in the array. 
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Heat transfer coefficients in the array are also not highly row-dependent. Rather, they remain 
approximately constant from the inlet to the exit. The turnaround louver shows a large decrease 
in heat transfer because it is much longer and hence has a thicker boundary layer than the other 
louvers. At low Reynolds numbers, there exists a recovery zone one to three rows deep just 
downstream of the turnaround louver. In this recovery zone the heat transfer coefficients increase 
from the value of the turnaround louver to the values of the upstream louvers. The large 
displacement thickness on a turnaround louver effectively decreases the size of the louver gap 
between it and the next downstream louver, and the streamline is deflected into the duct. The 
average flow velocity between the louvers in this recovery zone decreases, and thus heat transfer 
decreases as well. The recovery zone decreases in size as the louver angle (and hence the size of 
the louver gap) increases, and for large louver angles the recovery zone disappears at moderate 
Reynolds numbers (>600). 
To conclude, heat transfer coefficients are approximately constant throughout the array 
except for a decrease on the turnaround louver and in the recovery zone downstream of the 
turnaround louver under some cases. Heat transfer is not noticeably affected by vortex shedding 
within the Reynolds number range of interest. 
7.1.1h Effects of Walls on Flow, Heat Transfer, and Pressure Drop in Louvered-Fin Arrays 
The goal of Chapter 5 was to explain the effects of array walls on flow, heat transfer, and 
pressure drop behavior and the extent to which these effects penetrate an array. Results presented 
in Chapter 5 show that, compared to flow far from the walls where span wise periodic conditions 
exist, flow near array walls is characterized by lower flow efficiency, deviations in the flow 
velocity, large separation and recirculation zones between louvers, and unsteady flow at 
Reynolds numbers where the flow farther from the walls is steady. 
Near the bottom wall, the u component of velocity increases near the wall due to the decrease 
in flow area. However, the v component decreases to zero near the wall. These velocity changes, 
in addition to momentum effects that shift the streamlines, cause a decrease in flow efficiency. 
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Near the top wall, as the flow departs from the wall, the flow area increases and the average 
velocity decreases since fresh fluid cannot penetrate the wall. Momentum effects once again 
cause a decrease in flow·efficiency. Streamlines near the walls show the greatest changes (with 
respect to those near the center of the array) for geometries which have the largest flow 
efficiencies far from the walls. 
Near the walls, the flow is characterized by large separation and recirculation zones. With a 
lower flow efficiency near the walls, the flow passing over the fins has a larger angle of 
incidence. The flow separates at the leading edge due to the large adverse pressure gradient, and 
a recirculation zone forms on the downstream side of the fin. A small recirculation zone forms at 
the trailing end of the fin. This recirculation zone forms because flow passing along the 
downstream end of the fin interacts with the first recirculation zone, resulting in a region of high 
shear which is resolved by a second small recirculation zone. The presence of the first 
recirculation zone causes a flow expansion along the upstream side of the next louver 
downstream. Above a certain Reynolds number, the adverse pressure gradient associated with 
this expansion results in a third recirculation zone. These separation and recirculation bubbles 
have a destabilizing effect on the flow, and thus the fins begin to shed vortices at a lower 
Reynolds number than fins in the center of the array. These vortices are of a larger scale than 
vortices shed from fins farther from the walls. 
The minimum number of columns necessary such that flow in the center of the array is not 
affected by the walls anywhere along its flow path is equal to the number of columns affected by 
the walls plus the maximum number of columns spanned by the flow for a given geometry. If 
this minimum number (or more) is used, flow in the center of the array will be representative of 
flow in a heat exchanger with many more columns. A formula to estimate these numbers for 
different geometries was presented. For the geometries tested here, this formula suggested that 
eight to ten columns are necessary (twelve to fifteen columns were used). A more conservative 
estimate based on pressure drop results indicates that ten to twelve columns will provide good 
results. It is recommended that at least twelve columns be used for typical geometries. For louver 
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angles of over approximately 35°, FplLp ratios of less than 0.8, or more than ten louvers between 
the inlet and turnaround louver, several more columns should be used. For typical heat 
exchangers, the walls have a very small effect on total heat transfer and pressure drop. When 
modeling heat exchangers, wall effects can be ignored unless the total number of columns of fins 
is less than ten times the number of columns affected by the walls. 
The flow characteristics near the walls have competing effects on heat transfer. The large 
separation zones cause a decrease in heat transfer at low Reynolds numbers. At higher Reynolds 
numbers, the vigorous flow unsteadiness causes an increase in heat transfer. The Reynolds 
number at which the heat transfer near the walls becomes greater than the heat transfer in the 
center of the array decreases as the louver angle increases. Although heat transfer results show 
increases of up to 15% near the walls at a Reynolds number of 1400, the pressure drop results 
show the additional pressure drop to be many times larger. 
In columns far from the walls, the turnaround louver has significantly lower heat transfer 
than other fins in the same column. However, at low Reynolds numbers the turnaround louver 
near the walls does not show a decrease in heat transfer because the separation zones on the 
turnaround louver are much smaller than they are on other fins in the same column. At higher 
Reynolds numbers, vigorously unsteady flow increases heat transfer near the walls. However, the 
turnaround louver with its smaller separation bubbles has a stabilizing effect on the flow and thus 
has lower heat transfer than the rest of the column. 
To conclude, wall effects are confined to several columns next to the walls. Heat transfer in 
this region is lower than average for the array at low Reynolds numbers but somewhat higher 
than average at higher Reynolds number. At all Reynolds numbers, the walls cause a large 
increase in pressure drop. 
7.1.2 Convex-Louvered Fin Results 
Although convex-louvered fins may hold promise for some heat exchanger applications, little 
prior research on the flow and heat transfer in this geometry has appeared in the open literature; 
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furthermore, no prior work has presented local heat transfer results for this geometry. Local heat 
transfer, spatially averaged heat transfer, core pressure drop, and flow visualization results have 
been presented to gain a: .. clear understanding of the flow and heat transfer interactions. The 
results indicate that eV'en for Reynolds numbers of about 200, the flow separates at the leading 
edge of the convex louver, and a steady recirculation zone is formed on the concave side of the 
fin. At a slightly higher Reynolds number (by Re=480) separation also occurs at the convex 
comer of the fin, and a counter-clockwise rotating recirculation zone forms on the leeward side 
of the fin. At low Reynolds numbers, boundary-layer development and these two recirculation 
zones are the dominating flow features. Heat transfer is high on the convex side near the leading 
edge because the thermal boundary layer is thin in that location. 
The flow becomes more complex as the Reynolds number increases. At Reynolds numbers 
around roughly 1000, a third recirculation cell forms near the trailing edge of the convex louver. 
At Reynolds numbers of about 1900, the flow becomes unsteady deep within the fin array due to 
free-shear-Iayer instabilities. Unsteadiness in the shear layer dramatically increases local heat 
transfer at regions on the surface where the disturbed shear layer reattaches and where roller 
vortices, which form in the shear layer, impinge. Unfortunately, an increased Reynolds number 
also leads to an increased size of the separated regions of the flow; form drag of the louver 
dramatically increases, leading to a high pressure-drop penalty at high Reynolds numbers. 
Only one geometry was studied in the current work, and the exact Reynolds numbers at 
which each heat transfer mechanism begins to contribute will depend on the array dimensions; 
nevertheless, the heat transfer mechanisms and increasing flow complexity important to this 
convex-louver geometry are likely to be important in all convex-louver designs. This work has 
provided an understanding of some of the complex flow and heat transfer interactions in convex-
louver arrays. 
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7.2 Practical Applications 
Several practical applications can be taken from this work. 
1. Three methods exist for minimizing the heat transfer penalty associated with the recovery 
zone and/or the turnaround louver of louvered-fin arrays. First, increasing the louver angle of the 
first row downstream of the turnaround louver and the downstream portion of the turnaround 
louver could minimize the decrease in heat transfer in the recovery zone. Try to ensure that the 
displacement thickness on the turnaround louver at the entrance to this louver gap is no greater 
than 30% of the louver gap. However, even for a low louver angle of 18 0 , the decrease in average 
heat transfer through the arrays tested due to the recovery zone reached a maximum of 7% at a 
low Reynolds number of 75. A large increase in manufacturing cost may not be justified by a 
small increase in heat transfer. Second, decreasing the length of the turnaround louver will also 
decrease the size of the recovery zone and increase average heat transfer on the turnaround 
louver. Third, eliminating the turnaround louver altogether would eliminate these heat transfer 
decreases. (The turnaround louver is used in current designs for ease in manufacturing.) 
However, without the change in flow direction associated with the turnaround louver, the number 
of fins affected by the walls would double, decreasing heat transfer and increasing pressure drop. 
In very large arrays where Nwau<<N"c the effect on the overall heat transfer coefficient and total 
pressure drop would be small. In small heat exchangers (Nc<IONwalJ), eliminating the turnaround 
louver is undesirable. 
2. It 'is recommended that typical louvered-fin arrays used for testing have approximately 
twelve or more columns of fins to ensure that the walls do not affect flow in the center of the 
array anywhere in its flow path. Several more columns of fins should be used for extremely high 
louver angles (over 35 0 ), low fin pitch-to-Iouver pitch ratios (below 0.8), or many louvers 
between the inlet and turnaround louver (> 10). Equation 5.2 can be used to estimate the absolute 
minimum number of columns necessary for a wide range of geometries. Even with twelve 
columns of fins, however, the friction factor will be somewhat higher than for a large array 
where the walls affect a smaller percentage of the fins. Research on louvered fins reported in the 
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literature should be analyzed carefully if fewer than twelve columns of fins are used in the arrays 
tested. If fewer than eight or nine columns of fins (or the number suggested by Equation 5.2) are 
used, the flow will not be representative of flow in larger arrays. As discussed in Chapter 1, a 
majority of scaled-up louvered-fin arrays used in studies presented in the literature do not 
incorporate enough columns of fins. 
3. While walls can cause a small increase in heat transfer at moderate Reynolds numbers due 
to extensive mixing, the high pressure drop associated with walls makes them undesirable. 
4. Vortex shedding in the louvered-fin geometry causes at most very small increases in heat 
transfer (and pressure drop) in the Reynolds number range of interest. Designers need not strive 
to operate in the transitional regime where fins shed vortices since heat transfer is not 
substantially increased in this regime. 
5. The key to heat transfer enhancement in the convex-louvered geometry is flow 
unsteadiness. Future research should examine methods for precipitating flow unsteadiness at 
lower Reynolds numbers, either through the promotion of self-sustained flow oscillations within 
the array -- as occurs in current designs -- or though manipulation of the approaching flow. If the 
heat transfer enhancement associated with unsteadiness could be achieved at low Reynolds 
numbers, where the convex-louver form drag is lower, the overall thermal performance would be 
improved. 
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APPENDIX A - THE HEAT AND MASS ANALOGY 
The naphthalene sublimation method is based on the heat and mass analogy. This 
relationship permits heat transfer data to be determined from experimental measurements of mass 
transfer. 
A.1 Derivation of Heat and Mass Analogy 
Several assumptions must be valid to meaningfully invoke the heat and mass analogy. 
Since the fluid involved is low-velocity air, viscous dissipation can be assumed negligible. The 
solutal Grashof number, based on the height of the portion of a test fin coated with naphthalene, 
is approximately 5800 for the traditional louvered fins and 17,200 for the convex-louvered fins. 
When the Grashof number is much less than the square of the Reynolds number, buoyancy is 
negligible in comparison to inertial and pressure forces. To determine the approximate minimum 
Reynolds number at which buoyancy is negligible, assume a goal of GrlRe2::;;0.1. This 
assumption leads to a minimum Reynolds number of 40 (based on louver pitch) for louvered fins 
and 130 (based on hydraulic diameter) for convex-louvered fins. Both of these Reynolds 
numbers are below the minimum Reynolds number at which mass transfer experiments were 
conducted. Since temperature variations are small, thermophysical properties are approximately 
constant. Finally, the fluid is a dilute solution of species B in species A. With these assumptions, 
the equations for steady incompressible flow for the conservation of mass, linear momentum, 
energy, and species, respectively, can be written as shown below. The equations are written in 
tensor notation using Einstein's summation notation. In this notation, i and j represent either 1 or 
2 where Xl is the streamwise coordinate and X2 the normal coordinate. The flow is assumed two-
dimensional in this analysis. 
[A.1] 
au. 1 ap a2u. 
u.--' =---+v ' 
J ax. pax. ax.ax. 
J ' J J 
[A.2] 
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[A3] 
[A4] 
The following boundary conditions apply to uniform flow (UI,oo=Uoo, U2,00=O) over an infinitely 
thin constant temperature plate of length Lrej (Different geometries and boundary conditions may 
be used as well.): 
Ui(X2=0)=0 
dUj ( ) 
- x2=0 =0 
dX2 
lim Uj = Uj 00 
X2~00 ' 
u·(Xj = 0) = u· 1 1,00 
lim u· = u· 1 1,00 
Xl~oo 
T(X2 = 0) = Tw 
dT 
-(X2 =0)=0 
dX2 
lim T= Too 
X2~00 
T(xj=O)=Too 
lim T= Too 
Xl~OO 
CA(X2 = 0) = CA,w 
dC 
_A (X2 =0)=0 
dX2 
lim CA = CA,oo 
X2~00 
C A (X j = 0) = C A, 00 
lim CA = CA,oo 
xl~oo 
for 0 < Xl < Lrej 
for Lrej < Xl < 00 
forO<xj<Lrej 
for Lrej < Xj < 00 
for 0 < x j < Lrej 
for Lrej < Xj < 00 
[AS] 
[A6] 
[A7] 
Note the singularity at Xl =X2=O. To simplify these equations and boundary conditions, the 
following dimensionless variables are used. 
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* x· X --' i - L
ref 
* u· u --' 
i - U~ 
The resulting non-dimensional governing equations and boundary conditions are as follows: 
au; =0 
ax; 
* aut ap* ] a2ut 
u· -- = - -- + -----"--
J ax~ ax~ Re ax~ax~ J Z J J 
* ar* ] a2r* 
u j -a * = R P a *a * x· e r x· x· J J J 
u;(x; = 0) = 0 for 0< x; <] 
al.l~ (* ) 
---'* x2 = 0 = 0 
aX2 
lim u; =] 
* X2 -7°O 
u;(x;=O)=] 
lim u; =] 
* X j -700 
for] < x; < 00 
lim u; = 0 
* X2 -7°O 
u;(x; = 0) = 0 
lim u; = 0 
* X j -700 
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[A.S] 
[A.9] 
[A. 10] 
[A. 11] 
[A. 12] 
T*(x;=OJ=1 
limT*=1 
* X j -700 
CA*(X~ =0)=0 
dC~*(x;=O)=O 
dX2 
lim C~ =1 
* X2-7°O 
forO<x;<1 
for 1 < x; < 00 
[A. 13] 
for O<x; < 1 
for 1 < x; < 00 
[A. 14] 
For the heat and mass analogy to apply, the governing equations and all boundary conditions 
for the energy and species equations must have the same mathematical form. For this to be true, 
the normal component of velocity due to mass transfer from the fin must have a negligible 
impact on convection. This assumption will be justified later. 
The dimensionless equations and boundary conditions presented above satisfy these 
conditions. The continuity and momentum equations are decoupled from the energy and species 
equations, so the velocity components and the pressure gradient can be found with no 
information concerning temperature or species. Then these results can be substituted into the 
energy and species equations. The energy and species equations are of the same form, as shown 
below. 
* (* dP* ) T = f xi' --  ; Re, Pr 
dX' l 
[A. 15] 
[A. 16] 
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The heat and mass transfer coefficients are defined below. They are based on temperature and 
species differences between the wall (fin surface) and the free stream. 
[A17] 
[A.I8] 
An energy balance at the fin surface is performed by setting the conductive heat flux equal to the 
convective heat flux. In the same way, the mass flux determined by Fick's law is equated to the 
convective mass transfer since non-Fickian mass transfer is negligible if the solution is dilute. 
From this energy balance, the following dimensionless parameters can be expressed: 
hLref aT* * Nu =--=- = I(xl ;Re, Pr) 
k ax; "-0 X2-
[AI9] 
[A.20] 
Note that the dependence on pressure gradient has been eliminated. The transverse pressure 
gradient is negligible in this case, and specifying U1,oo(XI) is equivalent to specifying P(XI). The 
pressure gradient is associated with the effect of the geometry on the velocity distribution. Here 
the Sherwood and Nusselt numbers are of the same form with the Prandtl and Schmidt numbers 
playing similar functions. Since Sh and Nu are expected to be proportional to powers of Sc and 
Pr, [A.I9] and [A.20] can be rewritten as 
[A2I] 
[A22] 
If equation [A.2I] is divided by equation [A.22], the relationship between heat and mass transfer 
is obtained. 
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[A.23] 
The form for average She~ood and Nusselt numbers is the same. 
NU=Sh(~;J: [A.24] 
A value for n of 113 is conventional for flat-plate flows. However, Sparrow and Hajiloo (1980) 
suggested that a value of 0.4 for intermediate values of the Schmidt number is more accurate in 
offset-strip (highly interrupted) flows. Note that when a large favorable or an adverse pressure 
gradient exists, it may not be possible to eliminate the pressure gradient from [A.19] and [A. 20] . 
However, the results, [A.23] and [A.24], are unchanged. 
A.2 Justification of Zero Transverse Velocity Assumption 
The heat and mass analogy is valid only if the transverse velocity due to mass transfer has a 
negligible impact on convection within the boundary layer. When mass transfer occurs there are 
two mechanisms contributing to the transverse velocity: viscous effects and mass transfer effects. 
Thus, if the mass-transfer contribution to the transverse velocity is negligible, the heat and mass 
analogy holds. The transverse velocity due to viscous effects, Vb' is represented by the well-
known Blasius solution: 
[A.25] 
Within the boundary layer, 1],f and! are of order unity; therefore the transverse velocity due to 
viscous effects is given by 
[A.26] 
The transverse velocity due to mass transfer can be determined from the mass flux at the surface, 
which is given by the Blasius mass transfer solution: 
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LI LI h x 
Sh=0.332Re:2Sc73 =~ 
DAB 
0.6<Sc<50 
When this equation is co~bined with [A18], the expression takes the form 
m" =0. 332(C - C ) DAB Re7'2Sc!1 A,w A,oo X 
For the heat and mass analogy to be valid, the following condition must be met: 
Substituting the equations [A26] and [A.28] into [A.29] yields the following inequality: 
C -C 2L A,w A,oo «Sc/3 
p 
[A27] 
[A.28] 
[A29] 
[A.30] 
For typical laboratory conditions, the left-hand side of [A.30] takes on a value of approximately 
3.6(10-4), and the right-hand side is roughly 1.8. Therefore, use of the heat and mass analogy is 
justified. The reader is directed to Bejan (1995) for further discussion of the zero transverse 
velocity assumption. 
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APPENDIX B - DATA REDUCTION EQUATIONS 
The data in this experiment are reported in terms of six parameters -- Re, Sh,j, f, Eu, and 
Sh. This appendix in~ludes a description of the correlations for thermophysical properties and 
equations used to reduce the data. 
B.I Reynolds Number 
The Reynolds number is defined as shown. 
UcLp (convex and offset-strip) ReL = -- (louvered) [B.1] 
p v 
The Reynolds numbers for the convex and offset-strip fins are based on hydraulic diameter so 
that equivalent mass flow rates lead to equivalent Reynolds numbers. As noted by Davenport 
(1983a, b), the louver pitch collapses the data better for the louvered-fin geometry than does the 
hydraulic diameter. The hydraulic diameter, dh, is defined following Kays and London (1984) to 
be 
[B.2] 
For the geometries studied here, this definition yields 
[B.3] 
Here H, ,as defined in Fig. 2.5b, is zero for offset-strip and louvered fins. For the convex louvers 
L 
H=J!..sine =4.34 mm 
2 [BA] 
Flow visualization for the ' convex~louvered .geometry showed a large recirculation zone 
underneath the concave portion of the fin at all Reynolds numbers tested, so the minimum free-
flow area between a given column of fins was (Fp-H-t)*fin span. Kays and London (1984) also 
provided the following correlation for the kinematic viscosity of air: 
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J.805x 10-5 +4.8·10-8 (T - 290) 
v = -----------.,;'-------.!.. 
Pa 
[ ~2] [B.5] 
In this appendix, T is alw~ys the temperature in Kelvin. The mass flow rate of air is determined 
by measuring the pressure drop across an ASME standard orifice plate. The air velocity is then 
determined from the mass flow rate. The mass flow rate is calculated via the following formula: 
• _ 1& D2C ~2M'P. 
m - 4 e 1-/34 [B.6] 
where L\P is the pressure drop across the orifice plate. The expansion coefficient, £, is 1.0 for 
these low-speed flows. The discharge coefficient is a function of the diameter ratio ~ and the 
Reynolds number based on pipe diameter and is calculated per the ASME standard (1989) using 
the following formula: 
C = O. 5959 + 0.0312p2.1 - O.I84P' + 0.039 p~ - 0.01584p3 + 91. 7lp2.5 Re -0.75 [B.7] (1- ) 
Once the air mass flow rate is known, mass conservation can be used to find the velocity at the 
minimum free-flow area, Uc. 
[B.8] 
Note that for the louvered-fin geometry, Uc and Ac are measured just inside the inlet louvers. 
Because the flow path through the louvered-fin geometry is not straight and varies with Reynolds 
number, it can be difficult to determine the maximum velocity in the array. These definitions of 
Uc and Ac allow for an even-handed comparison between different louvered-fin geometries at 
different Reynolds numbers. For the flow visualization experiments, a water tunnel was used 
instead of a wind tunnel. In the water tunnel,Uc'wasdetermined by injecting ink into the water 
and measuring the transit time over a known distance. For the convex-louvered and offset-strip 
geometries, the flow velocity was determined by timing the injected dye as it passed completely 
through the array. For the convex-louvered geometry, appropriate area ratios were applied to find 
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Ue. For the louvered-fin geometries, however, dye was injected at several locations in an open 
section in front of the array and timed· to determine the velocity. Then an area ratio was used to 
determined U e, the veloci,ty just downstream of the inlet. 
B.2 Mass-Averaged Sherwood Number 
The mass-averaged Sherwood number is defined as 
where 
_ Lp~ 
ShL =--
P D 
na 
[B.9] 
[B.10] 
Here .1m is the total mass change and .1t the exposure time. As discussed in Chapter 3, the 
Sherwood numbers for the convex and offset-strip fins are based on louver pitch rather than 
hydraulic diameter to facilitate comparisons between heat transfer in the convex-louver array and 
the offset-strip array which have different hydraulic diameters (due to the smaller minimum 
cross-sectional area of the convex-louver geometry) but equivalent fin and louver pitches. The 
determination of Pn,co is discussed in detail in Section 3.3 and will not be discussed here. To 
determine the density of saturated naphthalene vapor, the ideal gas law is used. 
PnMn 
Pn,v = RuT [B.11] 
The temperature, T, is the naphthalene vapor temperature at the surface of the fin, which is 
assumed to be the same as the air temperature. According to the analysis of Souza Mendes 
(1991), the phase change causes the fin surface temperature to decrease less than O.02°C below 
the air temperature. This temperature difference was neglected since it is within the uncertainty 
of the air temperature measurement. The correlation of Ambrose, et al. (1975), shown below, is 
used to determine the vapor pressure of naphthalene. 
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[B.I2] 
where the units of Pn arePa. Here Eix) is the Chebyshev polynomial in x of degree s, where x 
is defined by 
[B. 13] 
In this equation, T max = 344 K, and T min = 230 K. The constants in the vapor pressure 
correlation are ao = 301.6247, a1 = 791.4937, a2 = -8.2536, aj = 0.4043. The mass diffusivity 
of naphthalene in air is found using the correlation developed by Cho, et al. (1992). 
Dna = 8.17708 .10-11 T1.983(~) 
Pearr 
[B.I4] 
Po is standard atmospheric pressure, and P earr is the barometric pressure corrected for 
temperature and the local acceleration due to gravity. The units of T, again, are always Kelvin in 
this appendix. These correction factors, which are shown below, are provided by the 
manufacturer of the barometer. 
P _ p[ 1-1.84 ·10-5(T - 273.15) -1] 
tef - 1 + 1. 818 ·10-4(T - 273.15) 
B.3 Modified Colburn j Factor 
[B.I5] 
[B.I6] 
[B.17] 
Heat and mass transfer are often given in terms ofthe Colburn j factor. The mass transfer 
Colburn j factor is 
. Sii 
J= 
ReScn 
[B.l8] 
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Here both the Reynolds number and Sherwood number are based on the same length scale 
(which cancels out). Although a value for n of 113 is conventional for flat-plate flows, Sparrow 
and Hajiloo (1980) sugg~st a value of 0.4 for intermediate values of the Schmidt number in 
offset-strip (interrupted internal) flows, as is the case here (Sc =:: 2.35). This modified Colburn j 
factor is adopted for this study. The Schmidt number is determined using the correlation of Cho, 
et al. (1992) shown below. The temperature in this case is the fin surface temperature. 
Sc = 8.0743T-o·2165 [B.19] 
Since heat and mass transfer are analogous, the mass transfer Colburn j factor and the heat 
transfer Colburn j factor, j = Nu I Re Prn , are equal. 
B.4 Friction Factor and Euler Number 
Under most cases the pressure drop data are represented using the conventional Fanning 
friction factor, which is defined here as 
[B.20] 
where LlP is the pressure drop across the core. To facilitate comparison of the pressure drop 
through different louvered-fin geometries that have different hydraulic diameters, the Euler 
number, which includes no length scale, is used when comparing different louvered-fin 
geometries. 
2M Eu=--
pU; 
B.S Local Sherwood Number 
The local Sherwood number for a given position on a fin is 
Sh= ~Lp 
Dna 
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[B.21] 
[B.22] 
The local mass transfer coefficient is determined via [B.23]. 
hrrz = Pn,sOsb 
(Pn, v - Pn,oo )L1t [B.23] 
The density of solid naphthalene is given by Kudchadker, et al. (1978) to be 
Pn,s = 1162.0 kg/m3. To reduce the total uncertainty in Sh associated with the uncertainty of the 
laser profilometer, the local Sherwood numbers at a given x* location on a fin (where 
x*=distance from the fin leading edge/fin length) were averaged over the height of the fin. The 
mass transfer was not noted to be a function of vertical position on the fin. Only these averaged 
values are presented in the results. 
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APPENDIX C - CALm RATION PROCEDURE 
C.l RTD Calibration 
Both RTDs used in these experiments were calibrated to ensure that the errors in the 
Reynolds number and naphthalene vapor pressure were small. The calibration was performed 
using a NesLab isothermal bath and NIST-traceable calibrated, ASTM-certified, mercury-in-
glass thermometers with O.OI°C divisions. Since these thermometers were total immersion 
thermometers, the temperature readings were corrected to account for the section of the 
thermometer that was exposed to the air. 
The RTDs were calibrated in 0.5 degree intervals over a range of 18 to 25°C. To correct for 
the exposed portion of the thermometer, a type-T thermocouple was attached to the thermometer 
at the midpoint of the exposed section. The temperature of the stem was acquired using an 
Omega hand-held thermocouple reader. The RTDs were connected to the data acquisition system 
described in Section 2.2. The 12-bit resolution of the AID board combined with a gain of 200 
resulted in a resolution of 6 J.L V over the 0 to 5 V range. 
For each step, the temperature bath was allowed approximately 30 minutes to come to 
equilibrium. To ensure that the bath had reached equilibrium, the voltage readings were averaged 
over two minutes, and this average value was compared to the instantaneous reading to make 
sure they matched within the resolution of the data acquisition system. The voltage reading, 
thermometer reading, and thermocouple reading were recorded for each RTD at each step. To 
account for conduction along the stem of the thermometer, the following stem correction factor 
was computed and added to the thermometer temperature: 
SCF = 0.OOOI6(T - ST)N [C.l] 
Here T is the bath temperature in degrees Celsius, ST is the average stem temperature, and N is 
the number of degrees on the thermometer which are exposed to the ambient. 
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The calibration curves are shown in Figures e.l and e.2. Both curves proved to be highly 
linear. The least-squared linear fits had coefficients of correlation of r2=0.99992 and r2=0.99994, 
respectively. The maximum deviation between the curve fit and the temperature data was 0.05°e. 
An uncertainty analysis is presented in Appendix D. 
C.2 Pressure Transmitter Calibration 
A Modus Instruments model TIO differential pressure transmitter with a range of 0-24.9 Pa 
(0-0.1 in water) was used to measure the pressure drop across the core. For operating conditions 
where the pressure drop was above 24.9 Pa, the Dwyer Microtector was used to measure pressure 
drop. This Microtector was also used to calibrate the transmitter. There proved to be a quadratic 
relationship between the output voltage and the pressure drop, as shown in Fig. C.3. The 
maximum deviation between the curve and the measured values was 0.37 Pa (0.0015 in water). 
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Figure C.1 - Calibration curve for upstream RTD. 
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Figure C.2 - Calibration curve for downstream RTD. 
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Figure C.3 • Calibration curve for differential pressure transmitter. 
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APPENDIX D - UNCERTAINTY ANALYSIS 
D.I Errors in Experime~taI Data 
All of the results presented are based on nine laboratory measurements and thermophysical 
properties. The measurements included test section temperatures, pressure drop across the core 
and orifice plate, dye transit time, test fin mass change, barometric pressure, relative humidity, 
exposure time, and naphthalene sublimation depths. To determine the uncertainties in the results, 
the propagation of the measurement uncertainties through the data reduction scheme must be 
evaluated. 
Both bias (fixed) and precision (random) errors were included in the temperature 
measurement error. The bias error included errors due to the finite resolution of the AID card, the 
use of a curve fit to the RTD calibration data, the reading of the calibration thermometers, and 
conduction and radiation errors. The precision error included contributions due to fluctuations in 
the electronics of the data acquisition system and fluctuations in the quantities measured. The 
errors due to the AID card resolution and the use of a curve fit were estimated by plotting the 
difference between the corrected calibration temperatures and the temperatures calculated using 
the curve fits, as shown in Fig. D.l. 
The contribution to bias error due to conduction was determined by modeling the RTD as a 
straight pin fin. The conduction error is due to the difference between the air temperature and the 
fin tip temperature. An adiabatic tip, an isothermal base, steady state conditions, and l-D 
conduction were assumed. The average heat transfer coefficient was determined from the 
following correlation for flow over a cylinder given by Whitaker in Holman (1990): 
Nu = hd = (0.4 Reo. 5 + 0.06 Re% ) prOA 1100 - ( Ja~ 
k I1w 
[D.l] 
Using a worst-case scenario with a Reynolds number based on RTD diameter of 83, the 
conduction error was calculated to be very nearly zero and was therefore neglected. Similarly, 
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since the laboratory temperature was within 0.5°C of the RTD temperature, the radiation error 
was also assumed negligible. 
The magnitude of th~ random error was defined using a 95% confidence interval for the 
temperature readings at a given temperature. This value was determined by setting the isothermal 
bath at three different RID temperatures. Approximately fifty-five temperature points were taken 
at each temperature, and the average and standard deviation were calculated using the following 
formulas: 
[D.2] 
[D.3] 
For this case, the 95% confidence interval is given by two sample standard deviations. The 
average random error calculated using this analysis was 0.035°C. The RMS of the bias and 
precision error led to a combined uncertainty of ±O.061 0C. In order to allow for a small amount 
of electronic fluctuations over time and to provide a conservative estimate of experimental 
uncertainty, a value of ±O.1 °C was used in calculating the accuracy of the data. 
Using a similar analysis, the uncertainty of the pressure drop calculated using the pressure 
transmitter was determined. This uncertainty was computed to be 0.37 Pa. 
Except for the micromanometer, which served as a calibration standard, each of the other 
instruments was calibrated at the factory. Uncertainties were determined by either the 
manufacturer's published accuracy or one half the smallest scale division. For the 
micromanometer, this value was ±O.25 Pa while for the barometer it was ±13 Pa The uncertainty 
of the precision balance was +/-0.00005 g, and the accuracy of the relative humidity meter was 
±2%. The manufacturer's published accuracy for the laser profilometer was 4 Ilm. However, 
repeated scans of a metal block led to an estimated 2-cr uncertainty in 8sb of ±6 Ilm. 
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D.2 Error Propagation and Uncertainty 
The uncertainties of the reduced data were determined by propagating errors using the 
method of Kline and McOlintock (1953). The reduced data were presented in the form of Re, Sh, 
j,f, Eu, and Sh. 
The uncertainty in Reynolds number is given by the following formula: 
[D.4] 
The uncertainty in Uc was determined by propagating errors through the continuity equation, as 
shown by [D.5]. 
w [( )2 (W J2 (W J2]Y2 ~c = :; + ~a + A:c [D.5] 
The uncertainty in mass flow rate was determined through the use of the following formula: 
[( a .)2 ( a .)2 ( a·)2 ( a .)2 ( a .)2 ( a . )2JY2 Wni = WD a~ + We a~ + We a; + WJ3 a; + WL1P aL1mp + Wp a; [D.6] 
The ASME standard (1989) gives the uncertainty for the discharge coefficient, C, as a function 
of Reynolds number and orifice plate geometry. For these experiments, the uncertainty ranged 
from 0.6% to 1.35%. For the uncertainty analysis, 1.15% was used. The uncertainty in B was 
approximately 1.4% and in D was 0.7%. The average uncertainty in AP, 0.75%, was determined 
from the smallest division of the manometer and the average pressure drop reading across the 
orifice plate. Since p was corrected for temperature changes, the uncertainty in p was taken to be 
0.5%. The expansion coefficient, e, was 1 within 0.1 %. The correlation for viscosity, v, has an 
uncertainty of 1.2%. Propagating these uncertainties through the three equations gave an 
uncertainty in Re of 2.4%. For the water tunnel, the uncertainty in Re, approximately 10%, was 
dominated by the uncertainty in Uc. 
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The uncertainty in Sh was calculated using the following formula: 
[ 2 2 (W )2 (W)2 2]Y2 WSh = (WLim. );:+(Wr ) + ~ + Dna +(WLit) Sh Am., T Pnv Dna At [D.7] 
The uncertainty in one mass measurement is ±1I2 of the smallest scale division (0.00005 g). 
This value was doubled to account for the possible presence of dust or other small errors. The 
uncertainty in temperature, as discussed above, was 0.1 °C, and the uncertainty in At was assumed 
to be 1 s. The published uncertainties in the naphthalene vapor pressure and mass diffusivity are 
both approximately 3%. The uncertainties in the both the vapor pressure and mass diffusivity due 
to the uncertainty in the temperature were negligible compared to the uncertainties in the 
correlations themselves. These values result in an uncertainty in Sh of 5%. 
The uncertainty in the Colburn j factor was determined using the following: 
[D.8] 
The Schmidt number was assumed to have approximately the same uncertainty as the diffusion 
coefficient data in Cho, et al. (1992) from which it was calculated, which was ±3%. The resulting 
uncertainty inj was 6.3%. 
The formula to determine the uncertainty in the friction factor (and the Euler number) is as 
follows: 
[0.9] 
The uncertainties of the air density and Uc were 0.5% and 2.2% respectively. The uncertainty in 
AP decreased as the Reynolds number increased because the uncertainty of the pressure 
transmitter calibration was 0.37 Pa (+/-0.0015 in water). Therefore, the uncertainties in AP 
ranged from a maximum of 50% at very low Reynolds numbers for geometries with low pressure 
drops to a minimum of 0.06% at high Reynolds numbers for geometries with high pressure 
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drops. These values lead to a range of uncertainty in! and Eu from 53% to 4%. At a Reynolds 
number of 1000, the uncertainty in LW was an average of 3%, leading to an uncertainty in! and 
Euof5%. 
If the density of solid naphthalene is assumed to be constant, the expression for the 
uncertainty in the local Sherwood number is as follows: 
[D. 10] 
However, each local Sherwood number data point at a given x* location presented in Fig. 6.5 is 
an average of 45 points along the vertical (louver height) axis of the fin, leading to a total 
uncertainty of (Wsh /Sh)/-J4J (Note that the value of local Sherwood number was independent 
of vertical location on the fin.). The uncertainty in sublimation depth depended on the magnitude 
of the sublimation depth. Sublimation depths ranged from 14 J.lm up to 76 J.lm with an average of 
approximately 36 J.lm. These values yielded an average uncertainty in local Sherwood number 
(averaged over 45 data points) of 2.6% with a maximum uncertainty of 6.4% in regions of low 
mass transfer and 1.3% in regions of high mass transfer. However, a small amount of additional 
uncertainty may have been incurred in some cases by incorrect placing of the fin on the laser 
profilometer base. The average difference between the average Sherwood number based on mass 
difference (with an uncertainty of 5%) and the average Sherwood number determined by 
integrating the local Sherwood number data points was 6%. 
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Figure D.l - Deviation of RTD curve fit from corrected ASTM-calibration thermometer 
readings. 
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APPENDIX E - ADDITIONAL FLOW VISUALIZATION PHOTOGRAPHS 
Flow Direction • 
Figure E.l - Streamline for flow entering the array (8=22 degrees, F.,fLp=1.2) between columns 11 
and 12 at Re=68. The close proximity of the wall has little effect on the flow efficiency at this low 
Reynolds number. The flow efficiency is low everywhere. 
Figure E.2 - Streamline showing flow through a three-column array (8=18 degrees, F/Lp=1.09) at 
Re=390. At this Reynolds number, x (the number of columns spanned by the flow) for a twelve-
column array is 1.5. Here x is approximately 1.0. 
:,Q ••.•... 
..... 
0\ 
00 
Figure E.3 - A somewhat fuzzy photograph showing the wake downstream of the geometry with 8=28 
degrees and F/Lp=1.09 at Re=520 . 
small recirculation bubbles 
Figure E.4 - Flow around the turnaround louver for 8=28 degrees and Fp/Lp=l.09 at Re=620. Note that 
the flow is nearly symmetric around the turnaround louver. The mass transfer results show no recovery 
zone at this Reynolds number for this geometry. Two small recirculation zones are present in the louver 
wake. 
. ,~' , 
(a) 
(b) 
Figure E.5 - Flow around louvers upstream of the turnaround in the array 
with e=28 degrees and Fp/Lp=l.09. (a) Rows 4-7, Re=780, (b) Rows 1-6, 
Re=990. 
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Figure E.6 - Here flow entering the array between columns 11 and 12 of the twelve-column array is 
visualized (8=28 degrees, F/Lp=1.09). A large separation zone exists on row 1, and the dye quickly 
disperses downstream due to extensive mixing. In the center of the array the flow upstream of the 
turnaround louver is laminar at this Reynolds number (Re=590). 
vortices 
Figure E.7 - Flow between the louvers of the bottom column of a 3-column geometry (8=28 degrees, F/Lp= 
1.09) at Re=540. The separation bubbles have become unsteady, and vortices are being shed. 
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.....:J 
...... 
(a) (b) 
Figure E.8 - Photographs showing recirculation zones on the downstream sides of louvers for the geometry with 
0=18 degrees and F/Lp=l.09. (a) Rows 2-4, flow injected between columns 11 and 12 of a twelve-column array 
at Re=320. (b) Row 1, flow injected between columns 1 and 2 of a three-column array at Re=740. 
Figure E.9 - Photograph showing a recirculation zone on the upstream side of a louver in row 3 of the three-
column geometry with 8=22 degrees and Fp/Lp= 1.2. 
APPENDIX F - DEVELOPMENT OF A SIMPLE LOUVERED-FIN HEAT 
EXCHANGER MODEL 
In Chapter 4 the similarity between louver-directed flow and flow through offset-strip fins is 
discussed. The goal of this appendix is to further illustrate this similarity by showing that the 
shapes of the Colburn j factor curves for flow through louvers and flow through offset-strip fins 
are the same. The similarity between these two flows is utilized in the development of a simple 
louvered-fin heat exchanger model. 
F.l- Relationship between Louvered Fins and Offset-Strip Fins 
In typical louvered-fin heat exchangers, flow passes over four different surfaces -- louvers, 
tube walls, inlet and exit fins, and unlouvered side areas. These parameters are defined in Fig. 
F.1. While heat transfer is high on the louvers, heat transfer coefficients are lower on the tube 
walls, inlet and exit fins, and side regions because boundary layers are not restarted as often. 
These lower coefficients decrease the average Colburn j factor for the heat exchanger as a whole. 
Flow through the louvers is similar to flow through offset-strip fins, so offset-strip correlations 
can be used to predict louver behavior. For example, Fig. F.2 shows the experimental data for 
one geometry plotted with both offset-strip fin and louvered-fin correlations. The data, which 
give Colburn j factors only for louvers, are predicted very well by the offset-strip correlations. 
The louvered-fin correlations fall below the data and the offset-strip correlations because they 
include the lower heat transfer coefficients of the unlouvered portions of the heat exchanger. 
However, the shapes of the curves are the same, suggesting similar flow behavior. A simple 
model of louvered-fin heat exchangers can be made by modeling the louvers as offset-strip fins 
and the other areas .as flat plates or ducts. 
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F.2 Louvered-Fin Heat Exchanger Model 
The four surface types -- tube walls, inlet and exit fins, side regions, and louvers -- are 
analyzed separately. 
Flow over the tube walls of area FpFD can be modeled as flow in a flat duct. The heat transfer 
behavior can be represented by Stephen's correlation of the results of Hwang and Fan's numerical 
analysis for the mean Nusselt number in a duct of uniform wall temperature (Shah and Bhatti, 
1987): 
O 024 *-J.l4 
IV, -755 . x 
u -. + 1 + o. 0358 PrO. 17 x *-0.64 [F.1 } 
where 
* FD 1 x =---
dh RePr [F.2] 
Here dh=2FH. In reality, the boundary layers growing on the neighboring side regions will have 
some effect on heat transfer in this region. However, this region contributes to a small enough 
percentage of the total heat transfer (almost 5%) that this approximation is acceptable. 
Flow over the short inlet and exit regions, each of area S1LlI, can be modeled as flow over a 
flat plate. These regions are short enough that the Blasius solution for flow over a flat plate gives 
almost the same result as Eq. F.1 for flow in a duct. Using a Blasius solution, the Colburn j factor 
becomes 
. [ (J]-112 j = 0.644Re"S/12 = 0.644 ReLp ~~ 
[F.3] 
Along the sides of the louvered fin, there is a small unlouvered section of area (Fh-LZ)FD. 
Flow in this region is similar to developing flow in a duct and thus can be represented using Eq. 
F.1. In this case dh=2Fp. 
Determining how to implement the offset-strip correlation is the most difficult part of the 
model. First, the geometrical parameters of the louvers are outside the range of the geometrical 
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parameters of the offset-strip fin heat exchangers used in the development of all correlations in 
the open literature (for example, L[iLp andLtlLg are much larger for louvered fins). Different 
models were developed using the correlations of Wieting (1975), Joshi and Webb (1987), and 
Manglik and Bergles (1990). The models were compared to the louvered-fin correlations of 
Davenport (1983b) and Achaichia and Cowell (1988b). The correlation of Wieting provided the 
best results, and thus Wieting's correlation is used in the model development. This correlation, 
for the low to moderate Reynolds number range used here, is 
j = O.483( Lp/dh)-O·162(sjLzrO.184 Red~·536 
where 
[FA] 
[F.5] 
When this definition is applied to louvered arrays, the appropriate value for s, the lateral fin 
spacing, is not readily apparent. One might expect to use the fin gap, Lg, shown in Fig. F.3, since 
the flow is mostly louver-directed for most Reynolds numbers. Since Lg=Lpsin(fJ)-t, as the louver 
angle increases, Lg increases. The louvered-fin correlations, as well as the data presented in 
Chapter 4, show that as the louver angle increases, so does the heat transfer. However, if Lg were 
to be used for sin Eqs. FA and F.5, as the louver angle increased,j would decrease. Therefore, 
some other value for s should be used. For louver-directed flow, s would be expected to approach 
Lg while for duct-directed flow, s would be expected to approach Lp- Therefore, s should be 
somewhere within the range of Lg and £p. Since the flow becomes more highly louver-directed 
with higher louver angles, s would be expected to approach Lg as the louver angle increased. To 
find the best possible value for s, different values were used in the model under a range of 
Reynolds numbersanclgeometries. The ,best value of s was the value which caused the results of 
the model to show the closest agreement with the results of the correlations of Davenport (1983) 
and Achaichia and Cowell (1988b). The following equation was determined for s: 
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s = [1- 0.033(28 - 9) ]Lg + 0.033(28 - 9)Lp 
[F.7} 
s=Lg 
Here e is given in degrees. The model, using this definition of s, was compared to the results of 
the louvered-fin correlation of Achaichia and Cowell for ten different geometries with 16° S e S 
32°, 0.9S FpfLp S2.34, 0.6SAlouvered/Atotal SO.7, and various values of all parameters shown in 
Fig. F.2. At a Reynolds number of 500, the average deviation was 3.3% with a maximum 
deviation of 9.3%. At a Reynolds number of 1000, the average deviation was 3.9% with a 
maximum deviation of 11.5%. While a more extensive optimization of s could make closer 
results possible, since the uncertainty in Achaichia and Cowell's correlation alone is 10%, these 
results are very good, and further investigation is not necessary. If agreement with a different 
louvered-fin correlation is desired, a slightly different correlation for s may be developed 
(although the behavior will remain the same). 
The Colburn j factor for the entire heat exchanger is a combination of the j factors for each 
section. 
itotal = (itube wallsArube walls + iinlet, exitAmlet, exit + isidesAsides + ilouversAlouvers) / Arotal [F.8] 
An example of the results for one geometry is shown in Fig. FA. While louvered-fin correlations 
will be easier to use than this model under normal conditions, this model may be helpful when 
analyzing heat exchangers with geometrical parameters outside the range of parameters of the 
correlations or when the effects of parameters not included in those correlations, such as the size 
of the unlouvered areas, are to be analyzed. 
A similar model can be developed for the friction factor. However, the friction factor 
correlations in the open literature for louvered-fin heat exchangers show large differences. At a 
Reynolds number of 300 for a given geometry, the friction factor predicted by Achaichia and 
Cowell (1988b) is 64% greater than the one predicted by Davenport (1983) while the friction 
factor of Chang and Wang (1996) is between the two. These differences increase with Reynolds 
number. With the wide scatter in the data for the friction factor presented in the literature, it is 
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difficult to develop a semi-empirical model for the friction factor that is of value. The 
correlations and data for the Colbumj factor, on the other hand, show much closer agreement. 
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Figure F.1 - Schematic showing the definitions of geometric parameters used in the model. 
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Figure F.2 - Experimental results for the geometry with 8=28° and FplLp=l.09 plotted with 
louvered-fin and offset-strip fin correlations. 
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Figure F.3 - Schematic showing the gap between louvers, Lg, and the louver pitch, Lp. 
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Figure F.4 - Results .of the model plotted with the correlation of Achaichiaand Cowell (1988b). 
Here e=23° and FplLp=l.09. 
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